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Abstract
This research effort examines side-looking airborne radar operation in hot clut-
ter. In this context, hot clutter is an electronic counter-measure used to degrade
airborne radar performance. Hot clutter occurs by illuminating the ground with an
airborne jammer at some velocity, azimuth, elevation, and range from the airborne
radar. This research uses a simplifying assumption where the bistatic hot clutter
radar cross section (RCS) scattering statistics are identical to the monostatic clutter
RCS scattering statistics. When the airborne jammer waveform scattered returns are
perfectly coherent with the radar waveform, the radar cannot distinguish between the
returns transmitted by the jammer and returns transmitted by the radar. Hot clutter
is shown to degrade radar performance at different locations in azimuth and Doppler
depending on the jammer velocity and location in the radar environment.
The Joint Domain Localized (JDL) and Factored Time Space (FTS) adaptive
filters are shown to improve radar performance in hot clutter when compared to non-
adaptive processing. Adaptive filters can mitigate hot clutter not in the radar look
direction. FTS and JDL adaptive filters are shown to improve radar performance
32 and 36 dB per element per pulse, respectively, over non-adaptive processing in
the jammer mainbeam Doppler location when the jammer mainbeam is not in the
radar look direction in azimuth. JDL and FTS adaptive filter performance are shown
only to degrade at locations of hot clutter in the radar look direction in azimuth and
Doppler. In addition, the sample support is no longer independently and identically
distributed (iid) when the jammer is close to the range cell under test (RUT). This
research shows if the sample support used to create adaptive filters occupies a small
range extent, the interference estimate used to create adaptive filters is not seriously
corrupted due to heterogeneities within the sample support.
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Side-Looking Airborne
Adaptive Radar Operation in Hot Clutter
I. Introduction
1.1 Objective
Interference in the radar environment degrades airborne radar performance. In
conventional airborne radar, the scattered ground returns reflecting from the earth’s
surface back to the radar degrade radar performance at a radar azimuth and Doppler
frequency. This research examines hot clutter for side-looking airborne radar opera-
tion. Hot clutter occurs when an airborne jammer illuminates the ground, flying at
some azimuth, elevation, velocity, and range from the radar platform. When the air-
borne jammer waveform scattered returns are perfectly coherent with the radar wave-
form, the radar cannot distinguish between the returns transmitted by the jammer and
returns transmitted by the radar. In effect, hot clutter degrades radar performance
for different locations in azimuth and Doppler depending on the jammer velocity and
location in the radar environment. Hot clutter also creates heterogeneities within the
radar environment. If the radar uses adaptive filters, these filters are created based
on interference around the range cell under test (RUT). If this interference estimate
does not match the RUT, adaptive radar performance degrades.
1.2 Purpose
This research characterizes hot clutter effects on side-looking adaptive airborne
radar operation. The research effort introduces a hot clutter jammer into the Ward
radar data model [12]. Once the modifications are made to the radar data model
to include a hot clutter jammer, this research characterizes hot clutter as a function
of velocity, azimuth, elevation, and range from the radar platform. Based on these
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variables, the radar interference environment changes and radar performance using
both adaptive and non-adaptive processing is affected.
1.3 Notation
In Table 1.1, one can see the mathematical notation used in this thesis. Unit
vectors are described as xˆ. This notation is similar to the estimated value notation.
Surrounding text explains whether the variable is an estimated value or unit vector.
Table 1.1: Thesis Notation
Variable Definition
ε [ ] Expected Value
x Scalar
xˆ Estimated Value
x Vector
xH Hermetian Transpose
X Matrix
Xik Matrix with Subscripts
1.4 Materials and Resources
All simulations were created and executed using Matlab R© version 7.0.4. The
computers used in research are Dell computers obtained by the Air Force Institute of
Technology.
1.5 Organization
Chapter II offers a literature review describing the foundation of a radar data
model based on [12] and extended into the planer array by [5]. The fully adaptive
Matched Filter (MF), as well as Joint Domain Localized (JDL), and Factored Time
Space (FTS) partially adaptive filters used in this research are reviewed. The discus-
sion of previous research in hot clutter, and the necessity of this research is presented.
Chapter III develops the hot clutter model and introduces hot clutter into the
radar data model. The hot clutter model development is discussed, as well as pre-
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liminary model validation using Non-Heterogeneity Detection (NHD) and hot/cold
clutter covariance matrix rank.
Chapter IV provides the discussion and results detailing the hot clutter inter-
ference environment created by the radar data model. This chapter describes the
new interference created by the hot clutter for an oncoming jammer flying directly
towards the radar, and a jammer flying tangential to the radar location. The interfer-
ence is examined using the Minimum Variance Estimator (MVE) and Signal Match
(SM) power spectral densities (PSD). This chapter examines the range and azimuth
dependencies on the location of hot clutter for tangential and oncoming jammers.
Chapter V provides the discussion and results characterizing the impact a hot
clutter jammer flying tangential to the radar has on radar performance. The impact
hot clutter has on non-adaptive and adaptive processing is discussed using both known
and estimated interference using Range-Doppler outputs, probability of detection,
SINR (Signal to Interference plus Noise Ratio) Loss, and Output SINR metrics.
Chapter VI provides the discussion and results characterizing the impact an
oncoming hot clutter jammer flying directly towards the radar has on radar perfor-
mance. Similarly, the impact of hot clutter on non-adaptive and adaptive processing is
discussed using both known and estimated interference using Range-Doppler outputs,
probability of detection, SINR Loss, and Output SINR metrics.
Chapter VII is the conclusions chapter. The effect of hot clutter is reviewed.
The effect on radar performance is summarized based on the jammer velocity vector
and the jammer location in azimuth and range. Future research in hot clutter is
discussed, along with suggested modifications to the hot clutter model.
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II. Literature Review
The examination of hot clutter on airborne radar performance is performed us-ing the radar data model [12], [5]. The basic radar data model framework is
reviewed in this Chapter to understand the modifications made in Chapter III to
include hot clutter. The radar data model framework is powerful because it allows
isolating specific phenomena in the radar environment under analysis.
The radar data model is a phased array pulse Doppler radar. This radar has
advantages over other radar types as it distinguishes a target in up to four dimensions:
elevation, azimuth, Doppler frequency (velocity), and range.
2.1 Geometry
The following framework is an encapsulation of a radar data model developed
by Ward [12] and extended into a planar array by Hale [5]. In a phased array radar,
the array is constructed into N azimuthal elements and P elevation elements. The
inter-element spacings dx and dz are the spacings between the elements. The reference
element is defined as the first element to receive an incoming return from a positive
azimuth and elevation. Figure 2.1 illustrates the array geometry for a side-looking
(SL) radar. The element location is expressed as a vector
dnp =

 −ndx
−pdz

 , (2.1)
where n = 0, 1, . . . , N − 1 and p = 0, 1, . . . , P − 1.
The next step in developing the radar data model is defining a coordinate system
using azimuth, elevation, and range. The antenna array is in the x−z plane. Azimuth
is defined from radar boresight with positive azimuth locations φ in positive x and
negative azimuth locations φ in the direction of negative x. The velocity vector for a
side-looking (SL) radar is defined as
vSLa = vaxˆ, (2.2)
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Figure 2.1: SL radar planar array geometry with N azimuth elements spaced dx
apart and P elevation elements spaced dz apart. The antenna array is located in the
x− z plane. The reference element is defined as the first element to receive a return
from positive azimuth and elevation. As the radar velocity vector is along the positive
x axis, the reference element is in the top right-hand corner in this illustration.
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where the aircraft is flying in the positive x direction. Elevation is defined as positive
θ above the radar and negative θ below the radar. The range R to any point in space
is defined as a direct line from the reference element to the location of interest. The
radar platform geometry for a SL radar is illustrated in Figure 2.2. The aircraft is
travelling along xˆ in a positive direction. The antenna array is located in the x − z
plane. The reference element is the first element to receive a return from positive φ
and positive θ, thus making the reference element in this illustration the element in
the top right-hand corner in the x− z plane of Figure 2.2. The unit vector kˆ to any
location in the radar environment is expressed as
kˆ(θ, φ) = cos θ sin φxˆ + cos θ cos φyˆ + sin θzˆ. (2.3)
2.2 Data Format
The radar receives all returns for all azimuthal and elevation elements, pulses
M , and range cells. For a planar array, the radar has MNPL returns. The following
development is for a linear array, where P = 1. Therefore, the returns are formatted
into a radar data cube as shown in Figure 2.3. The radar receives MN samples for L
range cells, where L generally is defined as
L =
Tr
τ
, (2.4)
where Tr is the pulse repetition interval and τ is the pulse width. Note, this expres-
sion is true only when no pulse compression is used. Figure 2.4 illustrates fast-time
sampling.
For each range cell, the radar MN returns are denoted as [5]
χmn = αle
j2pinϑxej2pimω¯, (2.5)
6
Figure 2.2: The radar platform geometry. The aircraft is a side-looking radar, trav-
elling along the positive x axis at velocity va, at an altitude ha. The array is located
in the x− z plane in the radar data model. Azimuth is defined from radar boresight
with positive azimuth locations φ in positive x and negative azimuth locations φ in
the direction of negative x. Elevation is defined as positive θ above the radar and
negative θ below the radar.
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Figure 2.3: The radar data cube for P = 1. In a radar with a linear array there
is only one elevation channel. Therefore, when P = 1, the radar has MNL returns
available for data processing.
??
Figure 2.4: Each MNP return for a particular range cell l in the radar environment
corresponds to a range delay from 0− Tr seconds.
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where αl is the signal complex amplitude of range cell l, and ϑx is the azimuthal
spatial frequency defined as
ϑx =
ndx cos θ sin φ
λo
. (2.6)
ω¯ is the normalized Doppler frequency defined as
ω¯ =
2va cos θ sin φ
λ0fr
, (2.7)
where λ0 is the wavelength, and fr is the pulse repetition frequency. The 2D space-
time snapshot for a particular range cell for all spatial and temporal returns is denoted
as
χl =




χ0(0)
χ1(0)
...
χ(N−1)(0)




χ0(1)
χ1(1)
...
χ(N−1)(1)


...

χ0(M − 1)
χ1(M − 1)
...
χ(N−1)(M − 1)




. (2.8)
The space-time snapshot is simplified [12], and expressed as
χl = αlb(ω¯)⊗ a(ϑx), (2.9)
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where the azimuthal steering vector is
a(ϑx) =


ej2piϑx(0)
ej2piϑx(1)
ej2piϑx(2)
...
ej2piϑx(N−1)


, (2.10)
and the temporal steering vector is
b(ω¯) =


ej2piω¯(0)
ej2piω¯(1)
ej2piω¯(2)
...
ej2piω¯(M−1)


. (2.11)
The non-adaptive space-time steering vector v containing the weights to coher-
ently beamform the radar returns is similarly
v(ω¯, ϑx) = b(ω¯)⊗ a(ϑx). (2.12)
When the radar output
y = vHχ (2.13)
is computed by the inner product, the scalar output is beamformed to a location
azimuth and Doppler.
2.3 Clutter Model Review
An in-depth clutter model review developed by [12] and extended to the planer
array by [5] is important to review. It gives an understanding of how a hot clutter
jammer is introduced into the radar data model. For each range cell, the clutter
10
Figure 2.5: The power at each radar clutter patch is dependent on platform altitude
ha, platform grazing angle ψc, elevation angle θi, and the radar antenna pattern and
transmit power.
is divided into k azimuthal clutter patches for i clutter rings. The range cells also
include returns ambiguous range rings. In Figure 2.5, the elevation and grazing angle
is defined for every radar clutter patch at a specific range from the radar, denoted Ri.
The elevation to each clutter patch is defined as [12]
θi = sin
−1
(
R2i + ha(ha + 2ae)
2Ri(ae + ha)
)
, (2.14)
where Ri is the range to the i
th radar clutter ring, ha is the radar platform altitude,
and ae is the earth’s effective radius. From the radar platform, all clutter patches at
a specific range ring have the same elevation. In practice, subscripts i and k indicate
the ith clutter ring at a range of Ri and the k
th clutter patch at an azimuth of φk.
The grazing angle ψ characterizes the clutter patch Radar Cross Section (RCS).
This grazing angle is the angle between an imaginary line from the radar to a clutter
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patch and a line tangential to the earth’s surface and is expressed as [12]
ψi = sin
− 1
(
R2i − ha(ha + 2ae)
2Riae
)
. (2.15)
There is now a framework to characterize clutter returns at any location in
azimuth, elevation, and Doppler. The effective clutter patch RCS is defined as [12]
σik = γ sin ψiRi∆φ∆R sec ψi, (2.16)
where γ [8] is the constant reflectivity model parameter converted from dB into a
numerical value, ψi is the grazing angle, R is the range, ∆φ is the angular extent of
a clutter patch, and ∆R is the range extent of a clutter patch radar range resolution.
The constant gamma model RCS represents the backscattered RCS of any ikth clutter
patch. For a linear array, the clutter covariance matrix is represented as
Rc = σ
2
Nr−1∑
i=0
Nc−1∑
i=0
ξikb(ω¯
cc
ik)b(ω¯
cc
ik)
H ⊗ a(ϑxik)a(ϑ
x
ik)
H , (2.17)
where ω¯ccik is the cold clutter patch normalized Doppler frequency due to the clutter
patch velocity relative to the radar platform, ϑxik is the spatial frequency component
of each clutter patch, and ξccik is the cold clutter-to-noise ratio of each clutter patch.
This clutter-to-noise ratio is discussed in Chapter III, as this is one component used
to create a separate hot clutter covariance matrix.
For a SL radar, the normalized Doppler of a clutter patch is expressed as
ω¯ccik =
2va cos θi sin φk
λ0fr
, (2.18)
where va is the radar platform velocity, φk is any location in azimuth, λ0 is the
wavelength, and fr is the pulse repetition frequency.
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The azimuthal spatial frequency associated with clutter is expressed as
ϑxik =
dx cos θi sin φk
λo
, (2.19)
where ϑxik is the spatial frequency for any ik
th clutter patch. The clutter in this radar
data model is strictly ground clutter illuminated by the radar.
When thermal noise is added into the radar environment along with the clutter
covariance matrix, there is now a interference covariance matrix containing cold clutter
and thermal noise. Chapter III develops modifications to the radar data model to
include hot clutter in the radar environment.
2.4 Adaptive Radar Detection
Adaptive filters improves radar performance as the filters are able to place nulls
on sources of interference not in the radar look direction. Adaptive radar use inter-
ference from surrounding range cells to build an estimate of interference within the
range cell under test. Using this interference estimate, the filters are able to place
nulls, both spatially and/or temporally, at locations of interference. Ideally, the fully
adaptive Matched Filter (MF) would be used to mitigate all sources of interference.
The MF improves radar detection as it is able to mitigate all sources of interference
not in the radar look direction. The MF is expressed as
wmf = R
−1v, (2.20)
where R is the known interference covariance matrix, and v is the space-time steering
vector. However, the adaptive filters are required to obtain twice the amount of
sample support as degrees of freedom (DOF) the adaptive filters provide [7]. The
MF would require 2MNP sample support. As the radar has limited range cells, most
radar systems do not have enough sample support to create the adaptive MF. For
this reason, partially adaptive filters are used as they require considerably less sample
13
Figure 2.6: The Localized Processing Region for JDL. The LPR is a beamspace of
ηb,ηn Doppler and azimuth bins.
support. The two partially adaptive filters used in this research are Joint Domain
Localized (JDL), and Factored Time Space (FTS).
2.4.1 Joint Domain Localized. The Joint Domain Localized (JDL) [11]
adaptive filter uses a beamspace approach to adaptively null sources of interference
using Doppler and angle bins around the location of interest. The JDL adaptive filter
overview is a summary taken from [5].
JDL premise is the transformation from element-time space, representing az-
imuth elements and Doppler bins, to angle-Doppler space. This transformation is
performed within a Localized Processing Region (LPR) seen in Figure 2.6. For a
two-dimensional LPR, the LPR size is denoted as ηa×ηb, where ηa is the number of
azimuthal bins and ηb is the number of Doppler bins used in the LPR. The trans-
formation between element-time space and angle-Doppler space is represented by the
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transformation matrix T, given by
T = [b(ω¯−1/M)b(ω¯0)b(ω¯+1/M)]⊗ [a(φ−1/N )a(φ0)a(φ+1/N)], (2.21)
where b and a are the temporal and azimuthal steering vectors previously defined, and
ω¯0, φ0 is the LPR center. The temporal and azimuthal bins in the LPR are a single
bin above and below the target bin of interest. The LPR represented by Figure 2.6
and Eqn. (2.21) is 3×3. The LPR can encompass up to the entire beamspace, making
ηa×ηb = N×M . This situation when the LPR is N×M is the fully adaptive MF.
The transformation matrix T is applied to a space-time snapshot χ in the range cell
under test, where
χ˜ = THχ. (2.22)
The interference covariance matrix R˜ is also transformed using the transformation
matrix, expressed as
R˜ = THRT, (2.23)
where R is the interference covariance matrix. Similarly the space-time steering vector
must also be transformed using the transformation matrix and is given by
v˜ = THv. (2.24)
If the JDL output is denoted as
yjdl = w˜
H
χ˜ (2.25)
and the adaptive JDL filter, in the transform domain is denoted as
w˜ = R˜−1v˜, (2.26)
then the full JDL adaptive filter wjdl in the space-time domain is expressed as
wjdl =
(
THRT
)−1
THv. (2.27)
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2.4.2 Factored Time Space. The Factored Time Space (FTS) adaptive filter
is a reduced dimension algorithm able to spatially adapt to the environment. It is a
reduced dimensionality algorithm because it sacrifices all temporal Degrees of Freedom
(DOF). The FTS algorithm development follows the development by [5]. The FTS
adaptive filter wfts is defined as
wfts = fm ⊗
[
(BHRB)
]−1
a, (2.28)
where fm is the temporal steering vector b for the m
th Doppler bin. This new temporal
steering vector may or may not contain a window taper, and is expressed as
fm = b⊙ tb, (2.29)
where tb is a Mx1 window function and ⊙ is the Hadamard product. The matrix B
is defined as
B = fm ⊗ IN , (2.30)
where IN is a N×N identity matrix. Eqn. (2.28) is the expression under known
covariance. In a real life scenario, adaptive steering vectors are calculated using an
estimated interference covariance matrix Rˆ. This estimated covariance is expressed
as
Rˆ =
1
2K
l+K∑
k=l−K, k 6=l
χkχ
H
k , (2.31)
where l is the RUT, and K is the number of DOF required to create the adaptive filter.
The interference estimate is created using space-time snapshots around the range cell
under test. The number of space-time snapshots required is twice the DOF. Because
the FTS filter adapts only in azimuth, there is N degrees of freedom. Therefore, the
required sample support is 2N . The estimated interference covariance matrix for the
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FTS adaptive filter is expressed as
Rˆ =
1
2N
l+N∑
k=l−N, k 6=l
χkχ
H
k , (2.32)
where l is the range cell under test (RUT).
2.5 Previous Hot Clutter Research.
This thesis models and characterizes hot clutter through the eyes of a side-
looking airborne radar. Previous research in the area of hot clutter focuses on miti-
gation. In [3], the radar transmits polyphase coded waveforms to distinguish between
the jamming waveform and the transmitted waveform. In [6], [4], the authors present
techniques for the mitigation of hot clutter using various adaptive algorithms. Oth-
ers have created techniques to mitigate hot clutter using an auxiliary beam, or dead
times between the coherent processing interval (CPI) to distinguish between the radar
clutter returns and the returns from the hot clutter jammer.
Hot clutter modelling is a contentious task. This hot clutter research is per-
formed under an assumption where the hot clutter RCS statistics reflecting from the
ikth clutter patch to the radar are identical to the monostatic backscattered RCS
statistics reflecting back to the jammer platform. The monostatic backscattered RCS
is modelled using the constant gamma model [8]. In reality, the scattered jammer
waveform received by the radar from the ikth clutter patch will be due to forward or
diffuse scattering, whose statistics are not equivalent to backscattered monostatic clut-
ter returns statistics. If the model is to be more realistic, scattering models such the
Spatter, Clutter, and Target Signal Model (SCATS) used extensively in [9] and [10]
should be employed in this hot clutter model to accurately define the bistatic hot
clutter RCS characteristics received by the radar.
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III. Hot Clutter Model
3.1 Introduction
Hot clutter degrades airborne radar performance and is the interference cre-ated by a jammer purposely illuminating the ground with its transmitter. If
the jammer waveform scattered returns is received perfectly coherent with the radar
waveform, the radar cannot distinguish between returns from its own transmitter and
scattered returns from the jammer. One assumption in the model development is
the jammer and radar travel with an associated velocity; however, they are at con-
stant locations in the radar environment and are stationary throughout the coherent
processing interval (CPI).
3.2 Model Development
A coherent jammer is included in the radar data model defined at a specific
transmit power, azimuth, elevation, and stand-off range from the radar platform.
The jammer transmit pattern is identical to the radar transmit pattern. In addition,
the jammer waveform scattered returns is assumed to be perfectly coherent with the
radar waveform. The jammer illuminates the ground, creating heterogeneities within
the range cells by elevating the clutter power.
The traditional clutter-to-noise ratio (CNR) at a single element for the ikth
radar clutter patch is defined in [5] as
ξik =
PtGt(θi, φk)g(θi, φk)λ
2
0σik
(4pi)3N0BLsR4i
, (3.1)
where Pt is the transmit power, Gt is the radar array pattern on transmit, g is the
radar element pattern on receive, λ0 is the wavelength, σik is the clutter patch radar
cross section (RCS), N0 is the noise power spectral density, B is the radar receiver
bandwidth, Ls is the receiver system losses, and Ri is the range to the clutter ring.
This CNR expression in Eqn. (3.1) is modified to include hot clutter created by
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Figure 3.1: This figure illustrates the one-way radar equation. As the clutter patch
location changes in azimuth and elevation, the amount of reflected power Pr at each
clutter patch changes due to the radar array pattern Gt, the clutter patch radar cross
section σik, and range Rik to the ik
th clutter patch.
the coherent jammer. The basic one-way radar equation sets a foundation for the
development of a hot clutter jammer.
The one-way radar equation is expressed as [8]
Pr =
PtGtσ
4piR2
, (3.2)
where Pr is the one-way clutter power of a specific clutter patch illuminated by the
radar. The power reflected from this clutter patch depends on the RCS scattering
characteristics (forward, back, or diffuse) to any location in the radar environment.
The one-way radar equation is illustrated in Figure 3.1. The backscattered radar cross
section σ using the constant gamma model [8] is the defined by the platform grazing
angle to a specific clutter patch, ψ, defined as
ψ = sin−1
[
R2 − ha(ha + 2ae)
2Rae
]
, (3.3)
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where ha is the radar platform’s elevation, ae is the Earth’s effective radius, and R is
the range to the clutter patch. The backscattered RCS of any clutter patch can now
be found at any range and grazing angle from the radar. This RCS is expressed as
σ = γ sin ψR∆φ∆R sec ψ, (3.4)
where γ is the constant reflectivity model parameter [8] converted from dB into a
numerical value, ψ is the grazing angle, R is the range, ∆φ is the angular extent of
a clutter patch, and ∆R is the radar range resolution. Therefore, the backscattered
power at the ikth ground patch from the jammer is
Pr =
PjGjσ
j
ik
4piRjik
2 , (3.5)
where Gj is the gain on transmit based on the jammer array pattern, Pj is the jammer
transmit power, σjik is the clutter patch RCS with respect to the jammer platform,
and Rjik is the range from the jammer to any radar clutter patch.
There is now a foundation to compute the power of any clutter patch due to
the hot clutter jammer. The next step is to calculate the range from the jammer to
any radar clutter patch. The relationship between the radar and jammer’s azimuth
angle and range is seen in Figure 3.2. The jammer reference angle φjk is defined as
φjk = φk − φj, (3.6)
where φj is the angle from jammer boresight to radar boresight and φk is the azimuth
angle from radar boresight to the kth clutter patch. Using the law of cosines, the
range from the jammer to any ikth radar clutter patch is now
Rjik =
√
R2i + R
2
j − 2RiRj cos φjk. (3.7)
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Figure 3.2: Figure describing the relationship between jammer range Rj and the
range to a radar clutter patch Rjik, radar azimuthal look direction φk, and the jammer
stand-off azimuth φj with respect to the radar platform.
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One can see from Figure 3.3, the range from the jammer to a specific clutter
patch is defined by the azimuthal angle with respect to the radar platform and the
current range cell. The angle between the radar platform and the jammer in Figure 3.3
is φ = 20◦. Using this range, and the jammer height hj, the elevation to any radar
clutter patch from the jammer θjik is defined as
θjik = − sin
−1
(
Rjik
2
+ hj(hj + 2ae)
2Rjik(ae + hj)
)
. (3.8)
Due to the azimuthal dependence of Rjik, the elevation to each clutter patch is different
for every location in azimuth and every range cell.
Defining the azimuthal angle from the jammer to any radar clutter patch plat-
form is a bit more daunting. Current modelling has only been developed for range
rings between the jammer and the radar. The power radiating from the jammer
backlobes has minimal effect on the environment. The jammer backlobes are neg-
ligible and expressed as −∞ dB. Assuming the jammer mainbeam illuminates the
radar platform, as seen in Figure 3.2, the angle with respect to jammer boresight is
calculated using the law of sines. This angle φjik is expressed as
φjik = sin
−1
(
Ri sin φjk
Rjik
)
. (3.9)
The angle φjk is defined as an angle less than 180
◦ as the jammer is always assumed
to be outside the range ring. Therefore, the angle φjk is further defined as
φjk =

 φk − φj φk > φj, φk < 180
◦ − φj
360◦ − φk − φj φk < φj, φk > 180
◦ − φj
, (3.10)
where φk is defined from −180
◦ < φk < 180
◦. When the jammer is at a particular
stand off azimuth, the angle to each radar clutter patch varies for each range ring.
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Figure 3.3: The range from the jammer to any radar range ring clutter patch
depends on the current range cell, the jammer range, and the azimuthal angle with
respect to the radar platform. The range rings are 24, 36, and 48 Km from the radar.
The jammer is 69 Km from the radar at φ = 20◦. The range from the jammer to
every radar clutter patch for every radar range ring varies with respect to the jammer
location. Because the jammer is at an azimuth of φ = 20◦, the range to the radar
clutter patches are closest at this location. As the range ring at 48 Km is closest to
the jammer at 69 Km, the azimuth location of φ = 20◦ is closest at this location.
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Figure 3.4: Radar azimuth values compared to jammer azimuth for different jammer
locations; 72 Km, 108 Km, and 132 Km from the radar platform. The range cell under
test is 66 Km. The jammer is located at φ = 45◦; thus, when the jammer mainbeam
is at φjik = 0, the corresponding radar azimuths at this location is φk = 45
◦ and in
the radar backlobes at φk = −135
◦. The farther the jammer is from the RUT, the
more radar clutter patches occupy the jammer mainbeam.
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In Figure 3.4, the jammer azimuth angle to any radar range patch is no longer
constant for every range cell. The jammer antenna pattern illuminates the range
cells differently for every location in azimuth, elevation, and range. The jammer
coordinate system is constructed with respect to the radar in order to find the jammer
power illuminating onto the respective radar clutter patches. If the jammer model
is constructed in this fashion, the jammer interference covariance matrix is simply
added to the radar clutter covariance matrix.
The framework is now set to incorporate the jammer into the radar data model.
The received clutter power due to the radar is extracted from the CNR expression ξ.
The power transmitted and received by the radar due to clutter is expressed as
P rc =
PtGt(θi, φk)Gr(θi, φk)λ
2σik
(4pi)3R4i
. (3.11)
The clutter power from the coherent jammer received by the radar is similarly
P jc =
PjGj(θ
j
ik, φ
j
ik)Gr(θi, φk)λ
2σjik
(4pi)3Rjik
2
R2i
. (3.12)
The variable Gr is the radar array pattern on receive. In phased array radars, the
array pattern on receive is the radar element pattern g. The framework is now in
place to calculate a new CNR only including the hot clutter is ξhcik , expressed as
ξhcik =
P jc
NoBLs
. (3.13)
! The ikth clutter patch RCS characteristics from the scattered jammer
waveform reflecting to the radar platform σjik are assumed to be identical to the
backscattered RCS reflecting back to the jammer platform. The backscattered
RCS is calculated using the constant gamma model [8]. In reality, the scattered
jammer waveform received by the radar from the ikth clutter patch will be
due to forward or diffuse scattering, whose statistics are not equivalent to
backscattered monostatic clutter returns statistics. To make the hot clutter
model more realistic, a diffuse scattering RCS model as in [9, 10] needs to
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be incorporated into the radar data model. Forward and/or diffuse scattering
changes the RCS statistics of each ikth clutter patch.
The CNR resulting from cold clutter, ξccik , is similarly expressed as
ξccik =
P rc
NoBLs
. (3.14)
Due to the independence between the hot clutter power and cold clutter power, two
separate covariance matrices are created. The conventional cold clutter, or the ground
clutter created from the radar, covariance matrix is expressed as
Rcc = σ
2
Nr−1∑
i=0
Nc−1∑
k=0
ξccikb(ω¯
cc
ik)b(ω¯
cc
ik)
H ⊗ a(ϑxik)a(ϑ
x
ik)
H . (3.15)
The hot clutter has a new associated Doppler frequency due to the jammer
platform velocity and location in the radar environment. The radar transmits at
the carrier frequency plus an associated Doppler shift in relation to the radar plat-
form velocity component in the jammer direction. This Doppler frequency shift fp is
expressed as
fp =
2vp
λ0
, (3.16)
where vp is the radar platform velocity component in the jammer direction. The jam-
mer now receives the waveform from the radar, with another Doppler shift associated
with the jammer velocity component in the radar direction. This Doppler frequency
shift fj is expressed as
fj =
2vjp
λ0
, (3.17)
where vjp is the jammer velocity component in the radar direction. The total Doppler
frequency shift at this time is
2vp
λ0
+
2vjp
λ0
. (3.18)
The jammer transmit waveform at this velocity then hits the ground and reflects to
the radar. At the ground, the jammer transmit waveform also experiences another
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Doppler shift due to the jammer velocity component in the direction of ground clutter.
The waveform experiences a subsequent Doppler frequency shift f j
′
ik expressed as
f j
′
ik =
2vj cos θ
j
ik sin φ
j
ik
λ0
, (3.19)
where vj is the jammer platform velocity, and θ
j
ik and φ
j
ik are the jammer clutter patch
locations in azimuth and elevation from the jammer platform. The radar platform
receives the waveform with yet another Doppler shift fik due to the radar platform
velocity component in direction of ground clutter defined as
fik =
2va cos θi sin φk
λ0
. (3.20)
All Doppler frequency shifts are added together to find the received waveform Doppler
frequency shift. This Doppler frequency shift received by the radar as a result of hot
clutter is f jik expressed as
f jik = fp + fj + f
j′
ik + fik, (3.21)
or
f jik =
2vp
λ0
+
2vjp
λ0
+
2vj cos θ
j
ik sin φ
j
ik
λ0
+
2va cos θik sin φik
λ0
. (3.22)
This Doppler frequency is normalized by the PRF and expressed as
ω¯hcik =
f jik
fr
. (3.23)
This new normalized Doppler ω¯hcik along with the new hot clutter CNR are used to
create the hot clutter covariance matrix, expressed as
Rhc = σ
2
Nr−1∑
i=0
Nc−1∑
k=0
ξhcik b(ω¯
hc
ik )b(ω¯
hc
ik )
H ⊗ a(ϑxik)a(ϑ
x
ik)
H . (3.24)
The hot clutter jammer parameters can be seen in Table 3.1. The parameters
are identical to the radar model parameters in Table 3.2, except the jammer element
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Table 3.1: Jammer Model Parameters
Variable Value
N 11
P 1
fo 1240 MHz
fr 1984 Hz
τ 0.8µs
Pt 200 kW
BW 800 KHz
vj (Jammer Velocity)
dxfr
2
hj (Jammer Altitude) 3000 m
Jammer Array Transmit Gain 22 dB
Jammer Element Pattern Cosine
Jammer Element Gain 4 dB
Jammer Element Backlobe Level −∞ dB
dx 0.10922 m
dz 0.1407 m
backlobe level is now −∞ dB. This assumption has no effect other than eliminate the
hot clutter ambiguous range ring returns at ranges farther than the jammer.
3.3 Non-Homogeneity Detection
Non-Homogeneity Detection (NHD) is a technique used to find non-homogeneous
sample support vectors. This technique is used to find the space-time snapshots con-
taining heterogeneous interference making them different from the other sample sup-
port vectors. Hot clutter creates heterogeneities within the range cell sample support.
The hot clutter very heterogeneous when the jammer is close to the RUT. This NHD
metric shows the heterogeneity of hot clutter. The homogeneity between the range
cells is important in order to construct an accurate estimate of Rˆ when used to cre-
ate adaptive filters. The NHD finds range cell sample support vectors containing an
unusual amount of interference not similar to the range cell under test. According
to [13], [2], the Generalized Inner Product (GIP) is a metric used to select the sample
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Table 3.2: Radar Model Parameters
Variable Value
M 32
N 11
P 1
fo 1240 MHz
fr 1984 Hz
τ 0.8 µs
Pt 200 kW
B 800 kHz
Fn (Noise Figure) 3 dB
Nc MNP
ha (Aircraft Altitude) 3000 m
va (Aircraft Velocity)
dxfr
2
γ -3 dB
Array Transmit Gain 22 dB
Element Pattern Cosine
Element Gain 4 dB
Element Backlobe Level -30 dB
dx 0.10922 m
dz 0.1407 m
System Losses Ls 3 dB
Target φ 0◦
Target θ 0◦
Range Cell Under Test 66 Km
29
support vectors most like the others, expressed as
y = χHR−1χ, (3.25)
where the GIP uses the known interference in the RUT. The GIP distinguishes be-
tween the selected sample support vector and the covariance matrix by both amplitude
and phase. If the GIP output is ranked from smallest to largest magnitude, the sam-
ple support vectors chosen should be closest to the GIP expected value. It is shown
if the sample support vectors have a similar covariance to the covariance matrix R,
then for a linear array
ε[y] = MN, (3.26)
where y is a vector containing the GIP for all range cells under test.
In Figure 3.5, one can see the differences between the hot clutter and the ho-
mogeneous sample support. If the space-time snapshots are similar to the known
covariance R, the GIP output should be equal to MN . The output deviates from
this value when χ is non-homogeneous in covariance structure to the RUT. The GIP
is computed comparing the space-time snapshots to the known interference in range
cell 549, or 66 Km. The jammer is located at range cell 600. The range cells close
to the jammer are more heterogeneous than the range cells far from the jammer.
The interference within the environment increases at range cells far from the RUT;
however, they are more homogeneous than the range cells close to the jammer.
3.4 Interference Covariance Matrix Rank
The interference covariance matrix rank [12] gives some insight on the amount of
clutter within the environment and the required degrees of freedom needed to suppress
the clutter. The increase in the interference covariance matrix rank is illustrated in
Figure 3.6. The interference rank increases anywhere from 25 to 30 % depending
on different jamming locations; therefore, the interference within the environment is
significantly more severe than the interference containing only cold clutter.
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Figure 3.5: Generalized Inner Product for all range cells computed with known
covariance matrix R at the RUT= 66 Km, with the jammer located at range cell 600.
Due to the jammer altitude, the jammer mainbeam at φ = 0◦ will not illuminate the
ground range cell 575. The GIP is calculated for a jammer flying directly towards the
radar at φ = 0◦.
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Figure 3.6: The clutter interference rank increases due to the hot clutter. The
covariance matrix rank increases some 30 % from the interference containing only
cold clutter, indicating an increase in clutter in the presence of an oncoming hot
clutter jammer at φ = 0◦, 72 Km from the radar. The required number of degrees of
freedom to sufficiently suppress the clutter is greater when the interference includes
a hot clutter jammer as the interference covariance rank increases. The eigenvalue
magnitude also increases up to 120 dB, indicating an increase in interference power.
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3.5 Summary
The perfectly coherent hot clutter model is introduced in Chapter III. A new
hot clutter covariance matrix is added to the radar data model. Model assumptions
are summarized below:
1. The ikth clutter patch RCS characteristics from the jammer reflecting to the
radar are assumed to be identical the backscattered RCS reflecting back to the
jammer. The RCS is actually either forward or diffuse scattering depending on
the angle to the radar platform.
2. The direct path jammer signal is ignored. This research focuses only on inter-
ference reflecting from ground clutter.
3. The jammer backlobes are assumed to be −∞ dB. Range rings at a greater
range than Rj will not include hot clutter.
4. The jammer and radar are moving with a associated velocity, but are stationary
throughout the CPI. As the CPI only contains M = 32 pulses, the jammer and
radar do not travel a significant distance and their movement throughout the
CPI is neglected.
The construction of this covariance matrix depends on the jamming location,
array transmit pattern, and velocity direction. As the jammer is now included into the
radar data model, the interference in the radar environment changes. The hot clutter
increases the clutter rank up to 30%, and increases the clutter eigenvalue magnitude
greater than 120 dB. The interference is now harder to suppress than the original cold
clutter and thermal noise interference. In Chapter IV, the hot clutter interference is
examined for an oncoming jammer and a jammer flying tangential to the radar for
different location in the radar environment.
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IV. Hot Clutter Radar Interference Environment
This chapter discusses the effect hot clutter jamming has on the radar interferenceenvironment. The effect of hot clutter depends on many factors, including the
jammer velocity vector, range, elevation, azimuth, array pattern, and transmit power.
The hot clutter jammer effectively creates new ground clutter at different locations
in azimuth and normalized Doppler. The location depends on the jammer velocity
vector, range, and relative azimuth from the radar platform. When the jammer array
pattern, transmit power, and elevation are constant, the jammer range and azimuthal
dependence is examined for both a tangential (TN) jammer and an oncoming (OC)
jammer. The TN jammer is a scenario where the jammer does not have a velocity
component in the radar direction. The OC jammer is a scenario when the jammer is
flying directly towards the radar thus the velocity component in the radar direction
is at a maximum.
4.1 Interference From a TN Jammer
The interference from a TN jammer is examined by evaluating the interference
power spectral densities (PSD). The Minimum Variance Estimator (MVE) provides an
radar environment interference estimate. The Minimum Variance Estimator provides
a high resolution spectral estimate to estimate the interference location within the
radar interference environment. The MVE provides interference location within the
environment; however, the relative amplitude information is useless. The output
power in the MVE is
Pmve = (v
HR−1v)−1, (4.1)
where R is the known interference covariance matrix. The MVE interference contain-
ing only cold clutter and noise is illustrated in Figure 4.1. Using the radar parameters
in Table 3.2, the cold clutter increases interference around one location in azimuth
for every location in normalized Doppler. The linear array transmits and receives at
φ = 0◦. Hence, the region of most interest in this figure is the cut along φ = 0◦ as the
radar does not search for targets in a direction other than the transmit direction.
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Figure 4.1: MVE interference containing cold clutter and thermal noise. For a SL
radar, the main source of interference is at φ = 0◦, ω¯ = 0 when the radar receives at
φ = 0◦.
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The Signal Match (SM) interference is the actual interference in the environment
received by non-adaptive beamforming. Due to spectral leakage and poor resolution,
the SM PSD does not give truly accurate interference location. However, it does
accurately portray how the radar sees the interference. The Signal Match interference
is expressed as
Psm =
vHRv
vHv
, (4.2)
where v is the non-adaptive steering vector and R is the known interference covariance
matrix. In Figure 4.2, one sees the SM interference across normalized Doppler and
azimuth for interference containing cold clutter and thermal noise. SM calculates
the interference power received by the non-adaptive steering vector v. However, the
MVE provides better resolution and better displays the hot and cold clutter ridges in
azimuth and Doppler.
4.1.1 Range Dependence. The relative Doppler location of hot clutter de-
pends on the jammer range from the radar. The radar interference environment can
be computed at any range from the radar platform. In this development, the range
cell under test (RUT) is always 66 Km. As the jammer changes its location in range,
the elevation angles from the jamming platform to the radar clutter patches in the
RUT also change, forcing a Doppler change. The Doppler shift is expressed as
ω¯hcik =
2vj cos θ
j
ik sin φ
j
ik
λ0fr
, (4.3)
where vj is the jammer platform velocity, θ
j
ik is the elevation to the ik
th clutter patch,
φjik is the azimuthal angle to the ik
th clutter patch, λ0 is the wavelength, and fr is
the pulse repetition frequency. If the jammer platform range changes, the waveform
transmitted by the jamming platform reflects off each clutter patch at a different angle,
changing the Doppler frequency received by the radar. In addition, as the jammer
gets closer to the RUT clutter patches, the azimuthal angle to each clutter patch also
changes, further changing the Doppler frequency. As the jammer get closer to the
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Figure 4.2: SM interference containing only cold clutter and thermal noise. It is
difficult to discern the clutter ridge, as SM interference is a low resolution spectral
estimator. The range cell under test is 66 Km.
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RUT, the jammer sidelobes are able to radiate more power onto the radar clutter
patches, creating more power at different Doppler frequencies. The jammer range
dependence is examined for a TN jammer at φ = 0◦ and φ = 45◦.
4.1.1.1 TN Jammer at Boresight. In a scenario when the jammer is
TN to the radar direction, the radar is SL, and the jammer is at an azimuth of φ = 0◦,
the relative Doppler between the jammer and the radar is ω¯ = 0. In addition, the
jammer mainbeam clutter and the radar mainbeam clutter are at ω¯ = 0. As stated
in Chapter III, the hot clutter Doppler shift is due to the relative velocity between
the platforms, the relative ground velocity with respect to the the jammer, and the
relative ground velocity with respect to the radar. The hot clutter Doppler frequency
shift is illustrated in Figure 4.3, where fp and fj are the Doppler frequency shifts due
to the relative velocities between the radar and jamming platforms, f j
′
ik is the Doppler
frequency from the jammer to the ikth ground clutter patch, and fik is the Doppler
frequency from the radar platform to the ikth ground clutter patch. Therefore, when
the jammer is TN to the radar, the radar is SL, and the jammer is at φ = 0◦, the
normalized Doppler location of mainbeam jammer clutter is at the same location as
the radar mainbeam clutter at ω¯ = 0.
In Figure 4.4, the MVE interference is computed for various jammer ranges.
The ranges vary from 132 Km to 72 Km from the radar. As the jammer gets closer
to the RUT, the clutter occupies more locations in normalized Doppler at φ = 0◦,
as the jammer sidelobes are able to radiate more power onto the clutter patches at
different Doppler frequencies. Without examining any radar performance metrics,
one can hypothesize as the jammer gets closer to the RUT, the radar performance
decreases when the jammer is at φ = 0◦ as more Doppler frequencies around φ = 0◦
contain interference from hot clutter.
The increase in interference power can be seen by examining SM interference.
When examining SM interference, the clutter ridge is difficult to discern. However, the
SM PSD does give reliable amplitude information about the clutter power and also
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Figure 4.3: The hot clutter created from the jammer has an associated Doppler
shift due to the velocity between the platforms fp + fj, the ground velocity at the
ikth clutter patch with respect to the jammer f j
′
ik , and the ground velocity at the ik
th
clutter patch in with respect to the radar fik. The jammer and radar are both flying
into the paper.
shows the jammer mainbeam location in azimuth and normalized Doppler. When
examining Figures4.5 4.6, one can see the interference in the radar mainbeam at
φ = 0◦, ω¯ = 0 increases approximately 3 dB when the jammer is at 132 Km, and 15
dB when the jammer is at 72 Km.
4.1.1.2 TN Jammer at 45 Degrees Azimuth. The jammer range de-
pendence has a greater effect on the normalized Doppler location of mainbeam inter-
ference at φ = 0◦ when the jammer is not located at boresight. In a TN jammer, the
jammer interference at φ = 0◦ is independent of range, as the mainbeam interference
is ω¯ = 0. When the jammer is at an off-boresight azimuthal location, the jammer
mainbeam remains at the same location in normalized Doppler as the jammer does
not have a velocity component in the radar direction in this scenario. Though the
jammer mainbeam is range independent, the jammer sidelobes are not. As the jam-
mer gets closer in range to the RUT, the angle of reflection to the clutter patches
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Figure 4.4: MVE interference for a TN jammer illuminating the ground at φ = 0◦
for different locations in range from 132 Km to 72 Km from the radar. As the jammer
gets closer to the RUT, the jammer clutter ridge occupies more locations in Doppler
around φ = 0◦.
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Figure 4.5: SM interference for a TN jammer at φ = 0◦. The jammer is at 132 Km.
The jammer increases interference power in the radar mainbeam at φ = 0◦, ω¯ = 0
approximately 3 dB.
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Figure 4.6: SM interference for a TN jammer at φ = 0◦. The jammer is at 72 Km.
The interference is increased approximately 15 dB at φ = 0◦, ω¯ = 0. The jammer
increases interference power in the radar environment as the jammer gets closer to
the range cell under test.
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change. The jammer is TN to the radar direction, but no longer at φ = 0◦. The
jammer is now at φ = 45◦.
In Figure 4.7, one can see the normalized Doppler shift of jammer interference as
the jammer is 72 to 132 Km from the radar. At φ = 0◦, the jammer creates interference
at approximately ω¯ = 0.1 when the jammer is 132 Km from the radar. As the jammer
gets closer to the RUT, the jammer interference at φ = 0◦ changes in normalize
Doppler to approximately ω¯ = −0.07 when the jammer is 72 Km from the radar.
At φ = 45◦, the jammer corrupts more Doppler frequencies at this azimuth location
as it gets closer to the RUT. The increase in interference of Doppler frequencies at
the mainbeam jamming location at φ = 45◦ is similar to when the jammer increases
interference at multiple locations in Doppler at φ = 0◦ when the jammer is also at
φ = 0◦. Because the radar is transmitting and receiving at φ = 0◦, the jammer does
not degrade radar performance as serious as when the jammer is at boresight. The
radar receives the jammer mainbeam at φ = 45◦ through a sidelobe; therefore, the
received interference is not as severe in the radar look direction. The SM interference
when the jammer is at φ = 45◦, 72 Km from the radar can be seen in Figure 4.8. The
interference created from the jammer at φ = 0◦ is around ω¯ = −0.07. The jammer
mainbeam is located φ = 45◦, ω¯ = −0.36. The interference power at φ = 0◦ is less
than when the jammer is at φ = 0◦. The jammer mainbeam radiates through a radar
sidelobe instead of directly into the radar mainbeam.
4.1.2 Azimuthal Dependence. Hot clutter also depends on the azimuth
jamming location from the radar. The jammer and radar have a relative Doppler
frequency between one another for any azimuthal location and the jammer and radar
velocity vectors. When the TN jammer is at φ = 0◦, the relative velocity between the
jammer and radar platforms is zero. Therefore, the relative Doppler shift between
the platforms is ω¯ = 0. When the jammer platform changes location in azimuth,
the relative velocity changes based on the jammer location. As the jammer changes
in azimuth, the relative velocity between each radar clutter patch and the jammer
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Figure 4.7: The MVE interference for a TN jammer at φ = 45◦. The interference
when looking at φ = 0◦ experiences a Doppler shift as the jammer gets closer to the
RUT. The interference at φ = 45◦ is the mainbeam jammer location. As the jammer
is TN and does not have a velocity component in the radar direction, the jammer
mainbeam location in Doppler does not change. However, the jammer sidelobes are
shown to change across normalized Doppler.
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Figure 4.8: The SM interference for a TN jammer at φ = 45◦. When the radar is
receiving at φ = 0◦, the hot clutter jammer mainbeam is at φ = 45◦, ω¯ = −0.36.
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platform also changes. The azimuthal angle to each clutter patch changes depending
on the jammer azimuthal location. The azimuthal dependence is examined for two
jammer locations at ranges of 132 and 72 Km. The jammer model is constructed to
define the relative velocities between the two platforms as seen in Figure 4.9. The
jammer mainbeam always illuminates the radar platform in this development. For
a TN jammer velocity towards the radar platform, the jammer is perpendicular to
the radar location. As the model is constructed in this manner, the jammer velocity
component in the radar direction is zero.
4.1.2.1 TN Jammer at 132 Km. When the TN jammer is at 132 Km
from the radar, one can see the effect of a change in jammer azimuth location in
Figure 4.10. The jammer at various azimuth locations changes the the location of
hot clutter in the radar environment. When the jammer is at φ = 0◦, the mainbeam
jammer interference is at ω¯ = 0. When the jammer is at 45 degrees, the hot clutter
increases interference at approximately ω¯ = 0.1 at φ = 0◦. Similarly, the hot clutter
increases interference at φ = 0◦, ω¯ = −0.07 when the jammer is at φ = −45◦.
4.1.2.2 TN Jammer at 72 Km. The jammer is now close to the RUT
at 72 Km from the radar. When the jammer location varies in azimuth, the TN
jammer normalized Doppler location range and azimuth dependence is apparent. As
the jammer is closer to the RUT, the jammer sidelobes illuminate ground with more
power, thereby increasing the interference at φ = 0◦ at multiple locations in Doppler.
The interference estimate is illustrated in Figure 4.11. In addition, the hot clutter
normalized Doppler changes at φ = 0◦ with respect to the jammer azimuth. For
example, when the jammer mainbeam transmits at φ = 0◦ at 132 Km from the radar,
the jammer mainbeam is at ω¯ = 0. Now, when the jammer is at φ = 10◦ and a
range of 72 Km, the interference at φ = 0◦ is approximately ω¯ = 0.3. However, this
interference at ω¯ = 0.3 is the interference radiated through a jammer sidelobe. When
the jammer is at 132 Km from the radar and the same azimuth location at φ = 10◦,
the interference at φ = 0◦ is now at ω¯ = 0.05. The jammer range and azimuth affect
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Figure 4.9: The TN jammer scenario. The jammer mainbeam illuminates the radar
platform. When the jammer is TN, the jammer has no relative velocity component
to the radar platform as the jammer velocity is perpendicular to the radar direction,
therefore fj = 0. The jammer is at a range Rj and azimuth φj from the radar
platform.
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Figure 4.10: MVE interference for different jamming azimuth locations when the
jammer is at 132 Km. The jammer location in azimuth creates a clutter ridge at some
location in Doppler at φ = 0◦. The jammer mainbeam is located at different locations
in radar azimuth from φ = −45◦ to φ = 45◦.
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Figure 4.11: MVE interference for various jammer azimuth locations when the
jammer is at 72 Km. In comparing azimuthal and range differences between Fig-
ures 4.10, 4.7, and 4.4, it is shown both azimuth and range have an effect on the
location of hot clutter for a TN jammer.
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the hot clutter location. In addition to range and azimuth dependence, the jammer
velocity component also has an impact on the location of hot clutter. This velocity
dependence is examined when the hot clutter jammer is an OC radar.
4.2 Interference From an OC Jammer
The jammer velocity direction has a significant impact on the effect of hot
clutter. In the first scenario, the jammer located in the environment tangential to
the radar direction where the jammer does not have a velocity component towards
the radar. If the radar environment is slightly modified to include an OC jammer,
the hot clutter location in azimuth and elevation change. The radar is still SL, and
the only variable modified in the environment is the jammer velocity vector, as the
jammer is now flying directly towards the radar platform. This jamming scenario
is illustrated in Figure 4.12. The OC jammer antenna pattern and transmit power
is identical to the TN jammer antenna pattern. The relative velocities between the
jammer and radar are now different. In addition, the Doppler shift of ground clutter
produced by the OC jammer will also be different, due to the change in the jammer
velocity direction. The jammer velocity component in the direction of ground clutter
changes. The Doppler frequency shift is now expressed as
f j
′
ik =
2vj cos θ
j
ik sin
(
φjik + 90
◦
)
λ0
, (4.4)
where vj is the jammer velocity, and θ
j
ik and φ
j
ik are the radar clutter patches locations
in azimuth and elevation. The ground velocity relative to the OC jamming platform
is modified to include a 90◦ crab angle in azimuth. The jammer velocity vector is now
entirely in the radar platform direction.
4.2.1 Range Dependence. The normalized Doppler location range depen-
dence for an OC jammer is similar to the normalized Doppler range dependence for
a TN jammer except for one key difference. The OC jammer mainbeam Doppler
location is now range dependent. The OC jammer range dependence is examined at
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Figure 4.12: OC jamming scenario. The jammer is flying directly towards the radar
platform. Therefore, the jammer velocity component in the radar direction is simply
the jammer velocity vj. The radar velocity in the jammer direction is unchanged,
as is the jammer array pattern and transmit power. The jammer is at a range Rj
from the radar platform at an azimuth angle φj. The relative velocities between the
jammer and radar platform create a Doppler shift between the two platforms fp + fj
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azimuthal locations of φ = 0◦ and φ = 45◦ to examine the effect changing the jammer
velocity direction has on the radar interference environment.
4.2.1.1 OC Jammer at Boresight. The OC jammer illuminates the
environment at φ = 0◦. The jammer range from the RUT affects the jammer main-
beam location in normalized Doppler. As an example, if the jammer is at a velocity
of 108 meters per second travelling directly towards the radar platform, the Doppler
shift corresponding to the velocity component in the radar direction is
ω¯j =
2vj
λ0fr
(4.5)
or ω¯j = 0.45. The clutter patch at φ = 0
◦ velocity component from the radar is ω¯ = 0,
and the OC jammer clutter patch normalized Doppler at φ = 0◦ is expressed as
ω¯hcik =
2vj cos θ
j
ik sin (0
◦ + 90◦)
λ0fr
, (4.6)
where θjik is the elevation angle from the jammer to the RUT clutter patch. When
the clutter patch of interest is φ = 0◦, the normalized Doppler component is ω¯ = 0.45
when the jammer is at 132 Km from the radar. As the OC jammer is at boresight, this
clutter patch at φ = 0◦ is exactly equidistant from the jammer and radar platforms.
The mainbeam hot clutter location in normalized Doppler is approximately ω¯ =
−0.10. When the jammer is at 72 Km, the elevation angle to the clutter patch is
larger, thus the normalized Doppler frequency from the jammer to the clutter patch
is ω¯ = 0.39. The clutter patch is at jammer boresight exactly 6 Km from the jammer.
The mainbeam jamming location in normalized Doppler when at the clutter patch of
interest is φ = 0◦, RUT= 66 Km is now ω¯ = −0.16. The normalized Doppler value for
the jammer mainbeam when at ranges between these values are also between ω¯−0.10
and ω¯ = −0.16. The shift in normalized Doppler at φ = 0◦ for the jammer mainbeam
can be seen in Figure 4.13.
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Figure 4.13: MVE interference for an OC jammer illuminating the ground at φ = 0◦.
The radar is still SL. The jammer is changes in range from 72 to 132 Km. As the
jammer location from the RUT changes, the mainbeam jammer location in normalized
Doppler changes from approximately ω¯ = −0.10 when the jammer is 132 Km from
the radar to ω¯ = −0.16 when the jammer is 72 Km from the radar.
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Figure 4.14: SM interference for an OC jammer at φ = 0◦. The jammer is at 132
Km. The jammer increases interference power in the radar mainbeam at φ = 0◦,
ω¯ = −0.10. The clutter patch at φ = 0◦ is equidistant from the jammer and radar
platforms. Therefore, the interference power is approximately the same for both the
hot clutter mainbeam and the cold clutter mainbeam.
The interference power increases as the jammer range is closer to the RUT.
The interference power increases at all locations in jammer azimuth. The increase in
interference power and the shift in jammer mainbeam normalized Doppler location
can be seen in Figures 4.14 and 4.15.
4.2.1.2 OC Jammer at 45 Degrees. As illustrated in Figure 4.16, one
can see the effect of jammer range when the OC jammer is at φ = 45◦. The hot clutter
interference created at φ = 0◦ radiates through a jammer sidelobe. When the jammer
is at 132 Km, the hot clutter creates interference at approximately ω¯ = 0.17 at φ = 0◦.
The mainbeam jammer interference is located at φ = 45◦, ω¯ = −0.45. However, as
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Figure 4.15: SM interference for an OC jammer at φ = 0◦. The jammer is at 72 Km.
The jammer increases interference power in the environment as the jammer is closer
to the range cell under test, with the jammer mainbeam now at φ = 0◦, ω¯ = −0.16.
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Figure 4.16: MVE interference for an OC jammer at 45 degrees for different jammer
locations in range. The mainbeam jammer is always at φ = 45◦; however, the jammer
mainbeam location in normalized Doppler changes as the jammer range from the
radar changes.
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the radar receives at φ = 0◦, the radar will not receive a significant amount of hot
clutter as it is received by the radar in a sidelobe. When the jammer is close to
the RUT at 72 Km, the jammer interference at φ = 0◦ is located approximately at
ω¯ = −0.01. The jammer mainbeam interference is now located at ω¯ = 0.48. The
OC jammer mainbeam Doppler location is range dependent, as the relative velocity
of jammer mainbeam clutter is no longer zero.
4.2.2 Azimuthal Dependence. The OC jammer azimuthal dependence is
different than the TN jammer azimuthal dependence. In a TN jammer scenario, the
TN jammer does not have a velocity component in the radar direction. When the
jammer is OC, the jammer velocity is always in the radar direction, inducing a positive
Doppler shift to all returns in azimuth collected by the radar. Therefore, the location
of hot clutter occurs at different locations in azimuth and elevation.
4.2.2.1 OC Jammer at 132 Km. In Figure 4.17, the MVE interference
is computed for an OC jammer at 132 Km from the radar at different positions
in azimuth. The jammer velocity component in the radar direction always induces
a positive Doppler shift on the waveform for both positive and negative azimuth
locations. When the jammer is at negative 45 degrees, the hot clutter normalized
Doppler at radar boresight is close to ω¯ = −0.5. However, when the jammer is at an
azimuth location of positive 45 degrees, the hot clutter normalized Doppler at radar
boresight is at ω¯ = 0.17. As the jammer changes location in azimuth from φ = −45◦
to φ = 45◦, the normalized Doppler at the φ = 0◦ shifts from approximately ω¯ = −0.5
to ω¯ = 0.17.
4.2.2.2 OC Jammer at 72 Km. When the jammer is 72 Km from the
radar, one can see the difference in hot clutter location for different jammer locations
in azimuth. The jammer range, azimuth, and velocity are all responsible for changing
the interference power and location in azimuth and normalized Doppler of hot clutter.
The interference when the jammer is at 72 Km from the RUT for different azimuth
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Figure 4.17: MVE interference for an OC jammer at 132 Km for different azimuthal
locations. The change in the jammer velocity direction results in hot clutter at dif-
ferent locations in azimuth and elevation.
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Figure 4.18: MVE interference for an OC jammer at 72 Km for different locations
in azimuth. The range, azimuth, and jammer velocity vector have an effect on the
normalized Doppler location of hot clutter.
locations is illustrated in Figure 4.18. The interference power increases within the
environment. The elevation and azimuth to each clutter patch changes, and thereby
creates a change in the location of hot clutter in normalized Doppler. The radar
mainbeam normalized Doppler location containing hot clutter is now in a totally new
location.
4.3 Radar Interference Summary
Hot clutter interference is created for both TN and OC jammers at 72 and
132 Km, and for azimuthal locations of -45, -10, 0, 10, 20, and 45 degrees. One
can calculate the Doppler frequency location of hot clutter at any range, azimuth,
59
and aircraft velocity. Hot clutter effectively increases the interference power within
the environment by creating a second clutter ridge in azimuth and Doppler based on
the jammer location and velocity. Hot clutter has a number of effects on the radar
environment:
• The interference power within the scenario depends on the jammer range to
the RUT clutter patches. Based on the range to the RUT, the location of
radar clutter patches in jammer azimuth and elevation change. As the clutter
patch locations change, the relative velocity and thus the normalized Doppler
frequency shift to the jammer also changes.
• The location in jammer azimuth is also responsible for changing the interference
environment. As the location in azimuth changes, the jammer mainbeam is also
changes depending on the jammer velocity vector. In the unique situation when
the TN jammer does not have a velocity component in the radar direction, the
jammer mainbeam normalized Doppler location is independent of range. When
the jammer is not in the radar mainbeam, the interference at φ = 0◦ is not
as severe as the hot clutter radiates the clutter patch at φ = 0◦ is transmitted
through a jammer sidelobe.
• The jammer velocity vector also changes the interference environment. When
the jammer is TN in this scenario, the jammer mainbeam is independent of
range. When the jammer is OC, the jammer mainbeam is now range dependent.
However, if the only variable changing is the aircraft velocity direction, the hot
clutter interference power at each ikth clutter patch is the same.
There is now enough information about the hot clutter radar interference environment
to discuss adaptive and non-adaptive radar processing in the presence of hot clutter.
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V. Tangential Hot Clutter Jammer Impact on Side-Looking
Radar Performance
The addition of hot clutter into the radar interference environment is shown inChapter IV to increase clutter power at locations in azimuth and Doppler based
on the jammer velocity vector, and locations in elevation and azimuth from the radar.
The impact added interference from hot clutter has on radar performance is examined
for a tangential (TN) hot clutter jammer. In this scenario the jammer is flying in a
direction tangential to the radar direction. The impact on radar performance using
non-adaptive (NA) processing and the Matched Filter (MF), Factored Time Space
(FTS), and Joint Domain Localized (JDL) adaptive filters is examined under known
and estimated interference.
The performance metrics used to examine radar performance in this research
are Range-Doppler outputs, Output SINR (Signal to Noise plus Interference), SINR
Loss, and probability of detection analysis. The Output SINR for a given weight
vector is expressed as
SINR =
σ2ζt|w
Hv|2
wHRw
, (5.1)
where σ2 is the per element per pulse noise power, ζt is the per element per pulse
Signal to Noise Ratio (SNR), w is a space-time weighting vector, v is the non-adaptive
space-time steering vector, and R is the known interference covariance matrix of a
particular range cell. The numerator of Eqn. (5.1) is the output signal power and the
denominator is the interference created from thermal noise and ground clutter, either
containing hot or cold clutter. This scalar output is for some location in elevation,
azimuth, and Doppler. One caveat in this analysis is the radar has the same transmit
and look direction. Because the radar transmits at boresight, (φ = 0◦, θ = 0◦), all
performance metrics are evaluated at this look direction across all normalized Doppler
ω¯.
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The SINR Loss metric [12] is the loss in SINR referenced to the maximum
output SNR, defined as
SINRloss =
SINR
ζtMNP
, (5.2)
where ζt is the per element per pulse SNR, M is the number of pulses within a coherent
processing interval (CPI), N is the number of azimuthal elements, and P is the
number of elevation elements. The SINR Loss is calculated for the interference
covariance matrix R only containing hot clutter and noise in this analysis.
This SINR Loss metric is the loss in SINR resulting from the interference created by
the hot clutter jammer. The SL radar range cells are approximately homogeneous
when only containing cold clutter and thermal noise. The SINR Loss due to hot
clutter is calculated to see the heterogeneities the hot clutter creates in the range cell
sample support.
5.1 Non-Adaptive Radar Performance
The non-adaptive radar steering vector v for a linear array is expressed as
v(ω¯, ϑx) = b(ω¯)⊗ a(ϑx), (5.3)
where b and a are the temporal and azimuthal steering vectors. The non-adaptive
steering vector is unable to place nulls on sources of interference and generally per-
forms worse than FTS and JDL adaptive filters. The non-adaptive radar performance
degradation from a TN hot clutter jammer is characterized using Range-Doppler out-
put, Output SINR, SINR Loss, and probability of detection analysis for a TN jammer
at 72 and 132 Km from the radar, and located in azimuth at φ = 0◦ and φ = 45◦.
5.1.1 TN Jammer at Radar Boresight. In Chapter IV, hot clutter is shown
to have both a range and azimuth dependence. Range-Doppler outputs are calcu-
lated using non-adaptive processing for various jamming locations. The non-adaptive
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Figure 5.1: Range-Doppler output for non-adaptive processing. The homogeneous
interference contains thermal noise and cold clutter. The ground clutter from the
radar mainbeam results in a strong output at ω¯ = 0. The range cells evaluated are
60 to 72 Km from the radar
output is denoted as
y = vHχ. (5.4)
The non-adaptive output across range and normalized Doppler for interference con-
taining thermal noise and cold clutter is illustrated in Figure 5.1. This output is
the complex scalar received when the radar transmits and receives at φ = 0◦. The
main source of interference is located at ω¯ = 0 due to the clutter returns from the SL
radar mainbeam. The radar antenna pattern sidelobes creates interference at other
locations in normalized Doppler. When a TN jammer is placed at φ = 0◦, the in-
terference increases across all normalized Doppler, as seen in Figure 5.2. The range
cells evaluated are 60 Km to 72 Km and the jammer is at 132 Km. As the radar
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Figure 5.2: Range-Doppler output for non adaptive processing with a TN jammer
at φ = 0◦ at a range of 132 Km. The range cells evaluated are 60 to 72 Km from the
radar. The interference increases for all locations in normalized Doppler and Azimuth.
The jammer is at 132 Km. As the jammer is far from the range cells, the output is
homogeneous for all range cells.
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Figure 5.3: Range-Doppler output for non-adaptive processing with a TN jammer
at φ = 0◦ at a range of 72 Km. The range cells evaluated are from 60 to 72 Km.
The interference increases up to 15 dB at ω¯ = 0. The jammer mainbeam does not
begin to illuminate the ground until 69 Km as the jammer altitude is 3 Km. The
Range-Doppler output is inhomogeneous for all evaluated range cells.
and the jammer are both far from the range cells; in this scenario at least 60 Km
from the radar clutter patches, the Range-Doppler output is homogeneous across the
evaluated range cells. When the TN jammer is at a range of 72 Km, one can see the
non-adaptive range-Doppler output in Figure 5.3. The interference in the mainbeam
increases up to 15 dB as the jammer is now extremely close to the range cell under
test. The interference in other locations in Doppler also increases as the jammer an-
tenna pattern sidelobes are radiating the clutter patches with more power, increasing
the power for various normalized Doppler locations. The jammer is close to the eval-
uated range cells. The output is inhomogeneous for the evaluated range cells. The
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Figure 5.4: Output SINR using non-adaptive processing. The TN jammer is at
ω¯ = 0 at 72 and 132 Km from the radar. The interference increases across all normal-
ized Doppler. The interference power increases as the jammer is closer to the RUT,
resulting in a degradation in Output SINR.
Output SINR is examined using non-adaptive processing when the jammer at φ = 0◦
at 72 and 132 Km in Figure 5.4. The Output SINR degrades more as the jammer
is closer to the RUT, the interference power increases. The Output SINR degrades
anywhere from 2 dB to approximately 10 dB when the jammer is at 132 Km, whereas
the Output SINR degrades up to 20 dB at approximately ω¯ = 0.15 when the jammer
is at 72 Km.
As interference increases across all normalized Doppler when the TN jammer is
at boresight, the probability of detection is simulated by a Monte Carlo analysis for
an arbitrary location in the environment at φ = 0◦, ω¯ = 0.25. Monte Carlo analysis is
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Figure 5.5: Probability of detection versus input SINR per element per pulse using
non-adaptive processing in the presence of hot clutter at φ = 0◦ at ranges of 132
and 72 Km. The radar is looking for a target at φ = 0◦, ω¯ = 0.25. The hot clutter
has more of an effect on radar performance as the jammer is closer to the RUT. The
Monte Carlo analysis is computed for Ntrials= 1000, with a Pfa= 0.01.
computing the probability of detection for a target at this location using 1000 trials
with a probability of false alarm of Pfa = 0.01. The probability of detection versus
per element per pulse input SINR is illustrated in Figure 5.5. The required input
SINR per element per pulse to achieve the same probability of detection without hot
clutter is approximately 1 to 2 dB more for when the jammer is at φ = 0◦, 132 Km
from the radar, and approximately 10 dB more when the jammer is at φ = 0◦, 72 Km
from the radar.
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Figure 5.6: Range-Doppler output using non-adaptive processing with a TN jammer
at φ = 45◦ at a range of 132 Km. Though the jammer is far from the range cells,
the radar output increases at ω¯ = −0.36 resulting from the jammer mainbeam at
φ = 45◦, ω¯ = −0.36.
5.1.2 TN Jammer at 45 Degrees Azimuth. The radar performance is evalu-
ated using non-adaptive processing when the TN jammer is at φ = 45◦. The Range-
Doppler output using the non-adaptive steering vector for the jammer at φ = 45◦ at
72 and 132 Km can be seen in Figure 5.6 and Figure 5.7. In Figure 5.6, the hot
clutter at φ = 45◦, Rj = 132 Km from the radar does not seriously increase the non-
adaptive output. The TN jammer mainbeam is independent of range. At φ = 45◦, the
jammer mainbeam is located at ω¯ = −0.36. As the jammer is far from the range cells
under test, the jammer mainbeam only increases the non-adaptive output a few dB
at ω¯ = −0.36. In Figure 5.7, the jammer is much closer to the range cells. Therefore,
the jammer mainbeam location in Doppler significantly increases the output power. It
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Figure 5.7: Range-Doppler output using non-adaptive processing with a TN jammer
at φ = 45◦ at a range of 72 Km. The range cells evaluated are from 60 to 72 Km.
The jammer is closer to the range cells at 72 Km. The jammer mainbeam at φ = 45◦,
ω¯ = −0.36 increases the non-adaptive output at ω¯ = −0.36. Though the radar is
looking at φ = 0◦, the jammer mainbeam normalized Doppler location degrades.
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Figure 5.8: Output SINR using non-adaptive processing. The jammer mainbeam is
located at φ = 45◦, ω¯ = −0.36. As the jammer is closer to the RUT, the interference
power increases at this location in normalized Doppler, resulting in a decrease in
Output SINR.
is difficult to draw much physical insight by only looking at the non-adaptive Range-
Doppler output. The Output SINR is calculated to further build the physical picture.
In Figure 5.8, one can see the Output SINR illustrating the degradation of a TN
jammer at φ = 45◦. The interference resulting from the jammer mainbeam located at
φ = 45◦, ω¯ = −0.36 is responsible for the increase in interference around this location
in Doppler as the the radar receives jammer mainbeam interference through one of its
sidelobes. Because the jammer is tangential to the radar direction, the jammer does
not have a velocity component in the radar direction, and thus the jammer mainbeam
location will only be dependent on its azimuth location from the radar. As the jammer
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is closer to the RUT, the interference increases and non-adaptive radar performance
degrades.
A Monte Carlo analysis performing 1000 trials (Ntrials) with a probability of false
alarm (Pfa) of 0.01 is performed to simulate the probability of detection of a target
at φ = 0◦, ω¯ = −0.36. The degradation in performance can be seen in Figure 5.9.
The required per element per pulse input SINR to achieve the same probability of
detection degrades approximately 5 dB more when the jammer is at 132 Km, and
more than 20 dB when the jammer is at 72 Km.
5.2 Adaptive Radar Performance
To improve radar performance, adaptive filters place nulls on sources of inter-
ference in the radar environment. The effect of hot clutter on these adaptive filters
will be examined for a TN jammer. The radar performance using known interference
and estimated interference is examined. When the radar is using known interference,
the radar performance is examined using the adaptive Matched Filter as well as the
Factored Time Space and Joint Domain Localized partially adaptive filters. When
the radar operates under estimated interference, only the radar performance using
FTS and JDL partially adaptive filters are examined with a focus given to interfer-
ence estimation corruption due to heterogeneities hot clutter introduces into the radar
interference environment.
5.2.1 Radar Performance Using Known Interference. When the adaptive
filters are constructed using known interference in the RUT, the radar performance
operates under the optimum condition. These adaptive filters are either partially or
fully adaptive. When the adaptive filter is fully adaptive, the filter is able to place nulls
at locations of interference in azimuth and normalized Doppler. Some adaptive filters
are only partially adaptive in azimuth and/or Doppler. The radar performance using
the fully adaptive MF and the JDL and FTS partially adaptive filters are examined
using known interference in the RUT.
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Figure 5.9: Probability of detection versus input SINR per element per pulse using
non-adaptive processing in the presence of hot clutter at 45 degrees at ranges of 132
and 72 Km. The radar is looking for a target at φ = 0◦, ω¯ = −0.36, the mainbeam
jammer normalized Doppler location. Hot clutter has more effect on radar perfor-
mance as the jammer is closer to the RUT. The Monte Carlo analysis is computed
for Ntrials = 1000, with a Pfa = 0.01.
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5.2.1.1 Matched Filter. The MF is the ideal adaptive filter to null
sources of interference. The MF weight vector wmf is expressed as [5]
wmf = R
−1v, (5.5)
where R is the known interference covariance matrix in the RUT. The MF is the
optimum adaptive filter, and is the upper bound on adaptive radar performance. The
MF only degrades at sources of interference in the radar look direction in azimuth,
elevation, and Doppler.
The degradation in Output SINR for a TN jammer at φ = 0◦ at 132 Km and
72 Km is seen in Figures 5.10 and 5.11. When the jammer is at boresight, the MF
is unable to suppress the interference from the coherent jammer as the interference
is the radar look direction. The hot clutter degrades more locations in normalized
Doppler as the jammer is closer to the RUT as the range cell under test contains more
interference from the hot clutter jammer at different Doppler frequencies.
When the jammer is at φ = 45◦, the MF is able to filter out the jammer
mainbeam located at φ = 45◦. The MF is only unable to suppress hot clutter located
in the radar look direction. As the location of hot clutter at φ = 0◦ is dependent on
the jammer range when φj 6= 0
◦, the location of hot clutter in normalized Doppler
changes with range. When the jammer is at 132 Km, the MF suppresses all sources
of interference except where the hot clutter exists at φ = 0◦ at ω¯ = 0.10, seen in
Figure 5.12. The hot clutter at φ = 0◦ is at ω¯ = −0.07 when the jammer is at 72 Km.
The degradation in Output SINR using the adaptive MF is seen at this location in
Figure 5.13.
5.2.1.2 Factored Time Space. The FTS partially adaptive filter is
only adaptive in azimuth. The Output SINR for the interference with a TN jammer
located at φ = 0◦, 132 Km from the radar, is seen Figure 5.14. When a Blackman-
Harris (BH) taper is applied across the Doppler bins, performance is improved as the
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Figure 5.10: MF Output SINR for a TN jammer at boresight, 132 Km from the
radar. The jammer mainbeam and radar mainbeam are both located at ω¯ = 0. The
radar performance with a MF degrades at this jamming location as the fully adaptive
filter is not able to place a null in the radar look direction, as the filter would suppress
the target.
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Figure 5.11: MF Output SINR for a TN jammer at boresight, 72 Km from the
radar. The jammer is extremely close to the RUT, and the jammer sidelobes are
responsible for a degradation in MF performance as they are responsible for increasing
interference at locations across normalized Doppler.
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Figure 5.12: MF Output SINR for a TN jammer at φ = 45◦ at a range of 132
Km. The MF is able to suppress all the hot clutter except at the normalized Doppler
location at φ = 0◦, located at ω¯ = 0.10. The MF offers some 30 dB improvement at
the jammer mainbeam Doppler location.
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Figure 5.13: MF Output SINR for a TN jammer at φ = 45◦, at a range of 72 Km.
The Doppler location of hot clutter at φ = 0◦ is now ω¯ = −0.07, as the adaptive
filter is unable to suppress sources of interference in the radar look direction. The hot
clutter at φ = 0◦ is at ω¯ = −0.7. The jammer mainbeam is completely suppressed
using the MF even when the jammer is extremely close to the RUT. The increase in
output SINR from the MF at ω¯ = −0.36 is approximately 40 dB
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window provides some sidelobe attenuation and is able to mitigate unwanted sources
of interference in Doppler. When the TN jammer is at φ = 0◦, the performance
around the mainbeam clutter ridge degrades around ω¯ = 0 as the jammer is directly
in the radar mainbeam. As the FTS adaptive filter is only adaptive in azimuth, the
filter performs about as well as the non-adaptive steering vector. When a BH window
is applied in Doppler, the Output SINR improves. The Output SINR using both FTS
adaptive filters degrades for more locations in Doppler than the MF as the FTS filters
are not able to suppress interference in surrounding Doppler locations in the radar
look direction.
When the jammer is at φ = 0◦, 72 Km from the radar, the FTS filter performs
significantly worse than when the jammer is far away from the RUT. The Output SINR
is seen in Figure 5.15. The inability to adapt in Doppler creates a large degradation
in Output SINR even when a Blackman-Harris window is applied.
When the jammer is at φ = 45◦, the FTS filter to places a nulls in azimuth
and is able to suppress hot clutter not located at φ = 0◦. When the jammer is at
132 Km, the hot clutter interference normalized Doppler location is ω¯ = 0.10. The
FTS adaptive filter without a taper only degrades 1 to 2 dB due to hot clutter at this
location in normalized Doppler, and the BH FTS adaptive filter degrades around 15
dB at ω¯ = 0.10. The FTS filter without a Doppler taper is not seriously affected by
hot clutter because the performance of this filter is already lacking at the hot clutter
Doppler location at ω¯ = 0.10.
When the jammer is at 72 Km, at φ = 45◦, the FTS adaptive filter is able to
mitigate the interference created from the jammer mainbeam at ω¯ = −0.36. The
degradation in the FTS adaptive filters occurs around the hot clutter at φ = 0◦,
located at ω¯ = −0.07. Performance in this normalized Doppler location degrades
around 7 dB for the BH FTS adaptive filter. The degradation using FTS filters from
hot and cold clutter occurs at more normalized Doppler locations than the degradation
in Output SINR for the fully adaptive MF as the FTS filters only adapts in azimuth.
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Figure 5.14: Output SINR for the FTS adaptive filter. The interference includes a
TN jammer at φ = 0◦, 132 Km from the radar. As the FTS adaptive filter is unable to
suppress sources of interference in Doppler at the same look direction, the hot clutter
effectively degrades more locations in Doppler for the FTS adaptive filters. When no
taper is applied in Doppler, the FTS adaptive filter degrades in Output SINR for all
Doppler locations.
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Figure 5.15: Output SINR for a TN jammer at φ = 0◦, 72 Km from the radar for
the FTS adaptive filter. The hot clutter is very close the the RUT; therefore, the
jammer sidelobes corrupts Output SINR at all Doppler values.
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Figure 5.16: Output SINR for a TN jammer at φ = 45◦, 132 Km from the radar
for the FTS adaptive filter. As the jammer is in a radar sidelobe, the FTS adaptive
is able to suppress the hot clutter not located around φ = 0◦. The hot clutter is
located at φ = 0◦, ω¯ = 0.10. As the FTS filter is unable to place a null in Doppler,
the surrounding Doppler values also degrade in Output SINR.
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Figure 5.17: Output SINR for a TN jammer at φ = 45◦, 72 Km from the radar
for the FTS adaptive filter. The hot clutter is very close the the RUT, however the
impact on radar performance using the FTS adaptive filter is not seriously affected.
The hot clutter is located at φ = 0◦, ω¯ = −0.07. The FTS adaptive filter is able fully
suppress the jammer mainbeam at ω¯ = −0.36.
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5.2.1.3 Joint Domain Localized. The Joint Domain Localized par-
tially adaptive filter is able to adapt in both azimuth and Doppler. One expects the
radar performance using JDL to perform better than the radar performance using
FTS in hot clutter as the JDL filter can adapt to the interference in Doppler. Fig-
ures 5.18, 5.19, 5.20, and 5.21 can be examined to see the effect a TN hot clutter
jammer has on JDL adaptive filtering. The JDL filters are only partially adaptive.
However, they are given both temporal and azimuthal DOF to suppress the clutter.
As the JDL filter is able to suppress the hot clutter in Doppler, the degradation in
Output SINR for the JDL filter will occur for less locations in normalized Doppler.
The JDL filters are still unable to suppress the clutter located at φ = 0◦. The Output
SINR using the JDL adaptive filters performs better than the FTS adaptive filters,
and are closer to fully adaptive MF performance.
The Output SINR performance metrics computed are under known interference.
The interference is changing from range cell to range cell. The actual radar perfor-
mance under hot clutter conditions differs based on the amount of heterogeneities
within the sample support.
5.2.2 Radar Performance Using Estimated Interference. In a real-world
scenario, the interference in the environment is never known. The radar interference
environment is estimated from the sample support vectors χ at range cells near the
range cell under test. From these sample support vectors, covariance matrix interfer-
ence estimate is computed as
Rˆ =
1
2K
l+K∑
k=l−K k 6=l
χkχ
H
k , (5.6)
Where K is the number of sample support vectors used in the covariance matrix
estimation, and l is the RUT. The number of sample support vectors required depends
on the number of degrees of freedom needed for each partially adaptive filter. The
adaptive radar performance is evaluated under estimated interference by examining
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Figure 5.18: Output SINR for a TN jammer at φ = 0◦, 132 Km from the radar
for the JDL adaptive filter. As the JDL filter is able to adapt both in Doppler and
azimuth, the degradation in Output SINR is reduced when compared to the FTS
adaptive filters and non-adaptive performance. The JDL filters using 3× 3 and 3× 7
LPRs perform approximately the same.
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Figure 5.19: Output SINR for a TN jammer at φ = 0◦, 72 Km from the radar
for the JDL adaptive filter. The hot clutter is very close the the RUT. The jammer
sidelobes have an impact on radar performance as they create hot clutter at multiple
Doppler locations. As the 3 × 7 JDL has more temporal DOF, this JDL adaptive
filter performs better than the 3× 3 JDL filter.
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Figure 5.20: Output SINR for a TN jammer at φ = 45◦, 132 Km from the radar
for the JDL adaptive filter. As the jammer mainbeam is in a radar sidelobe, the
JDL adaptive filter is able to suppress the hot clutter not located around φ = 0◦.
The interference at φ = 0◦ is located at ω¯ = 0.10. As the JDL filter is adaptive in
Doppler, one can see the significant improvement in Output SINR around ω¯ = 0.10
as compared to the FTS adaptive filters in the same conditions in Figure 5.16
.
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Figure 5.21: Output SINR for a TN jammer at φ = 45◦, 72 Km from the radar for
the JDL adaptive filter. As the jammer is in a radar sidelobe, the JDL filter is able
to suppress the jammer mainbeam. The Output SINR degrades around ω¯ = −0.07,
as this Doppler location is to location of hot clutter at φ = 0◦. The Output SINR
using the JDL adaptive filters perform closer to the Output SINR using the MF as
the JDL adaptive filter uses both azimuthal and temporal DOF.
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the heterogeneities the hot clutter jammer introduces in range by examining the
known SINR Loss at different range cells. The SINR Loss is useful as it shows the
SINR Loss related to interference in the radar look direction. The SINR Loss is
computed using known interference throughout the sample support for JDL and FTS.
The adaptive MF and NA processing SINR Loss is computed to further build the
physical picture of heterogeneities within the sample support. as well as the MF
and NA processing. In addition, the Output SINR using the estimated interference
covariance to construct the adaptive filters, as well as probability of detection analysis.
These performance metrics are evaluated for a TN jammer at φ = 0◦ and φ = 45◦ at
a range of 72 and 132 Km from the RUT.
5.2.2.1 TN Jammer at Boresight. The RUT is chosen to be 66 Km
as when the RUT is at a significant distance from the radar, the range cells around
the RUT can approximated to be homogeneous. The closer the jammer is from the
range cell under test, the larger the interference in the RUT becomes, and also the
interference at other locations in normalized Doppler increases. The SINR Loss is the
loss associated with added interference within the environment. Similar techniques
were used in [1] to illustrate in inhomogeneities within the samples support. The
SINR Loss is calculated using the known interference containing only hot clutter
and thermal noise. Therefore, if the SINR Loss metric is 0, the interference at the
particular location in azimuth and Doppler only contains thermal noise, and the loss
will represent the SINR Loss from the hot clutter. The MF SINR Loss is calculated
for the RUT at 66 Km for a jammer at φ = 0◦, at locations in range from 72 to
132 Km. The SINR Loss is illustrated in Figure 5.22. Though the MF SINR Loss
metric is not the interference within the environment, this metric does show how
ideal adaptive filters processes the interference in the range cells. The MF SINR
Loss shows the residual interference occurring in all adaptive filters as the MF is
the optimum bound on adaptive performance. The MF SINR Loss only occurs as
a result of hot clutter. When the jammer is far from the RUT, the MF SINR Loss
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Figure 5.22: MF SINR Loss for a TN jammer at φ = 0◦. The MF SINR Loss is
evaluated for RUT= 66 Km as the jammer is placed from 72 Km to 132 Km from the
radar. The MF SINR Loss is the loss in SINR only associated with the interference
from hot clutter. As the jammer is closer to the RUT, the residual interference not
able to mitigated by any adaptive filter at φ = 0◦ changes in normalized Doppler.
is similar. One could equate the similarity in SINR Loss for the range cells to infer
the sample support vectors χ are much like the interference in the RUT, and are
approximately homogeneous. However, when the jammer is very close the radar, the
location of interference changes from range cell to range cell. The range cell snapshots
are heterogeneous with one another, and the interference estimate is corrupted.
The range cells very close to the jammer are heterogeneous from one another.
The MF SINR Loss associated for range cells close the the TN jammer at φ = 0◦ is
seen in Figure 5.23. The range cells evaluated are from 58 to 72 Km, with the jammer
located at 72 Km. The jammer mainbeam does not illuminate the ground at φ = 0◦
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Figure 5.23: MF SINR Loss associated with the interference created from the TN
jammer at φ = 0◦. The jammer is located at 72 Km, and the range cells evaluated are
from 54 to 72 Km. The jammer platform is 3 Km, therefore the jammer mainbeam
will not illuminate the ground until 69 Km. When the jammer range is close to the
range cells under test, the interference in the range cells become heterogeneous with
the surrounding range cells.
until the range cell at 69 Km as the jammer altitude is 3 Km. The MF is able to adapt
to all the interference in the RUT not in the radar look direction. The range cells are
heterogeneous with one another as the MF SINR Loss is changing from range cell to
range cell close to the TN jammer. In Figure 5.23, the MF SINR Loss in computed
for range cells from 54 to 72 Km, with the jammer located at 72 Km at φ = 0◦. Even
though the jammer mainbeam at φ = 0◦, the sidelobes are corrupting locations at
φ = 0◦ at different normalized Doppler frequencies, and change for different range
cells. The interference in the sample support is no longer similar to the RUT. The
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estimated interference does not reflect the interference in the RUT, and adaptive
performance degrades.
Sample Support Corruption. The adaptive filters create an inter-
ference environment covariance matrix estimation by selecting twice the amount of
sample support vectors as the number of degrees of freedom the adaptive filters pro-
vide. The JDL adaptive filters used in this analysis have 9 or 21 degrees of freedom,
and the FTS adaptive filter uses N or 11 degrees of freedom. Therefore, the maximum
amount of range cell sample support vectors needed for covariance matrix estimation
is 42. In examining the SINR Loss across for the range cell sample support around
the RUT with the jammer at 72 Km, one can see the sidelobe normalized Doppler
location changes depending on the adaptive filter used, as seen in Figure 5.25. When
the jammer is at 132 Km, the SINR Loss is homogeneous, therefore it is inferred the
sample support vectors are homogeneous as seen in Figure 5.24.
When the jammer is at 132 Km, and the range cell under test is 66 Km, the
SINR Loss from the jammer is calculated for the corresponding sample support vectors
around the range cell under test. This SINR Loss is seen in Figure 5.24. The SINR
Loss for NA processing and the MF, 3 × 3 JDL, 3 × 7 JDL, FTS, and BH FTS
weighting vectors is approximately the same for all range cells. When the jammer is
at 132 Km, it is assumed the sample support for all filters are homogeneous.
The sample support SINR Loss differs with range as the jammer is now at 72
Km in Figure 5.25. The jammer sidelobe interference changes Doppler frequency de-
pending on the range to the jammer. If the sample support is small, as in the FTS
and 3 × 3 JDL adaptive filters, the Doppler frequency of jammer sidelobes will not
experience a significant shift. As more sample support vectors are used in interference
estimation, as in the 3× 7 JDL adaptive filter, the worse the estimate can potentially
become. However, it is a double edged sword as the more range cells used for interfer-
ence estimation, the more DOF the adaptive filter has to adapt to the interference. As
less sample support vectors are used to create the estimated interference, the adaptive
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Figure 5.24: SINR Loss from the TN jammer at φ = 0◦, 132 Km from the radar.
NA processing and the MF, 3× 3 JDL, 3× 7 JDL, FTS, and BH FTS adaptive filters
are used to calculated the SINR Loss for the corresponding sample support vectors.
The SINR Loss is calculated for the range cell sample support around the RUT at
66 Km. As the jammer is far from the RUT, the sample support is approximately
homogeneous for all weighting vectors.
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Figure 5.25: SINR Loss from the TN jammer at φ = 0◦, 72 Km from the radar using
non-adaptive and adaptive processing. The SINR Loss is no longer the same for the
range cell sample support; therefore, the sample support is no longer homogeneous.
The 3× 7 JDL sample support is most heterogeneous as it uses the most range cells.
The SINR Loss is calculated for range cells around the RUT at 66 Km.
filters will have less DOF. However, in a heterogeneous environment the interference
estimate is closer to the RUT. The effect of estimated interference is evaluated for
JDL and FTS adaptive filtering.
Joint Domain Localized. When the jammer is at φ = 0◦, the
effect of estimated interference is examined for the JDL adaptive filter. In Figure 5.26,
the Output SINR is calcuated using the estimated interference covariance matrix to
construct the JDL adaptive filter. The jammer in this scenario is at 72 Km. As the
MF SINR Loss for the TN jammer at 132 Km is the same for all range cell sample
support vectors, the Output SINR under estimated interference is approximately 3
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dB less for all locations in normalized Doppler than the Output SINR using known
covariance [7].
The Output SINR under known covariance for JDL filtering is seen in Fig-
ure 5.19. If the estimated covariance matrix interference uses iid sample support,
the difference between known and estimated Output SINR should be approximately
3 dB less when the estimated interference is close to the known interference in the
RUT, according to [7]. As the estimate become increasingly unlike the interference
in the RUT, the difference between known and estimated Output SINR will increase.
The estimate interference requires twice the sample support as the DOF needed for
the JDL adaptive filter. When only 18 sample support vectors are used in covari-
ance matrix estimation for the 3× 3 JDL adaptive filter, the sample support vectors
are heterogeneous. As these sample support vectors are in a small range extent, the
sample support are not extremely heterogeneous from one-another. When 42 sample
support vectors are used in covariance matrix estimation, as in the 3×7 JDL adaptive
filter, the sample support begins to significantly differ from one-another, and inter-
ference estimate is corrupted. The poor estimation is displayed by the degradation
of Output SINR in Figure 5.26. The 3 × 7 JDL adaptive filter is degraded in some
locations in normalized Doppler up to 20 dB in comparison to the 3×7 JDL adaptive
filter constructed using known interference in Figure 5.19.
When the TN jammer is at φ = 0◦, all locations across normalized Doppler
will suffer degradation in radar performance. A Monte Carlo analysis is performed
to simulate probability of detection analysis for a TN jammer at φ = 0◦, at ranges
of 72 and 132 Km. The Monte Carlo analysis is performing detection probability for
φ = 0◦, at specific velocities, or locations in normalized Doppler. The probability of
detection for the jammer at 132 Km is seen in Figure 5.27. The Monte Carlo analysis
is for the radar looking at φ = 0◦, ω¯ = 0.1563. Both the JDL adaptive filters with 9
and 21 DOF require approximately an increase of 6 dB input SINR per element per
pulse. The non-adaptive radar performance requires approximately an increase of 3
dB input SINR per element per pulse.
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Figure 5.26: The Output SINR using estimated interference to construct the JDL
adaptive filter. The TN jammer is at φ = 0◦, 72 Km from the radar. The 3× 7 JDL
adaptive filter degrades in performance from known to estimated interference, as the
sample support over 42 range cells can no longer assumed to be homogeneous. As the
3× 3 JDL filter uses a small number of sample support vectors, the Output SINR is
not drastically different from the 3× 3 JDL Output SINR using known covariance.
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Figure 5.27: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = 0.1563. The TN jammer is at φ = 0◦, 132 Km
from the radar. The probability of detection is for Ntrials = 1000, and a Pfa = 0.01.
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Figure 5.28: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = 0.1563. The TN jammer is at φ = 0◦, 72 Km
from the radar. The probability of detection is for Ntrials = 1000, and a Pfa = 0.01.
When the jammer is at 72 Km, the probability of detection is worse than when
the jammer is at 132 Km, and is seen in Figure 5.28. The input SINR per element
per pulse is required to be approximately 22 dB more to achieve the same probability
of detection using the non-adaptive steering vector. As the interference estimate is
poorer for the 3× 7 JDL, the performance degradation is around 16 dB input SINR
as compared to around 14 or 15 dB input SINR performance degradation for the 3×3
JDL. As the 3×7 JDL adaptive filter has more DOF, the radar performance is better
than the 3 × 3 JDL adaptive filter even though the 3 × 7 adaptive filter contains a
more inaccurate interference estimate.
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Figure 5.29: Output SINR using the FTS adaptive filter created from with the
estimated interference. The TN jammer is at φ = 0◦, at 72 Km from the radar. As
the sample support is small, the interference estimate is similar to the range cell under
test and the FTS adaptive filter does not seriously degrade due to the heterogeneities
within the interference environment.
Factored Time Space. The Factored Time Space adaptive fil-
ter uses 2N , or 22 range cell sample support for estimated covariance interference
creation. As sample support is low, the estimated interference is similar to the in-
terference in the RUT. The Output SINR using the estimated FTS adaptive filter
created using estimated interference is seen in Figure 5.29 The Output SINR when
the FTS adaptive filter is created under known covariance is similar to the Output
SINR using estimated covariance. Hot clutter creates heterogeneities within the range
cells close to the radar; however, the heterogeneities are not significant when using a
low number of sample support vectors.
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Figure 5.30: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter detecting at target at φ = 0◦, ω¯ = 0.1563. The TN jammer is at φ = 0◦,
132 Km from the radar. The probability of detection is for Ntrials = 1000, and a
Pfa = 0.01.
A probability of detection analysis is simulated for a target at φ = 0◦, ω¯ = 0.1563
for the TN jammer at φ = 0◦ at 72 and 132 Km using the FTS adaptive filter. When
the jammer is at 132 Km, the probability of detection is seen in Figure 5.30. The
BH FTS adaptive filter degrades approximately 6 dB in input SINR, and the FTS
adaptive filter degrades approximately 3 dB in input SINR. Both the FTS and BH
FTS adaptive filter perform worse than the JDL adaptive filters at this location in
normalized Doppler jamming location. The FTS filters are expected to perform worse
at this location as the range cell sample support is homogeneous, as well as the JDL
adaptive filters are able to adapt in Doppler.
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Figure 5.31: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter detecting a target at φ = 0◦, ω¯ = 0.1563. The TN jammer is at φ = 0◦,
72 Km from the radar. The probability of detection is for Ntrials = 1000, and a
Pfa = 0.01.
When the jammer is at φ = 0◦ 72 Km from the radar, the FTS adaptive filter
degrades significantly, as seen in Figure 5.31. The BH FTS adaptive filter now requires
20 dB more input SINR to achieve the same probability of detection in a radar
environment with only cold clutter and thermal noise. The FTS filter without a
Doppler taper requires 10 dB more input SINR to achieve the probability of detection
in a cold clutter and thermal noise radar environment. As the FTS adaptive filters are
only able to adapt in azimuth, the JDL adaptive filter typically performs better than
the FTS adaptive filter, as is the case in this scenario for a TN jammer at φ = 0◦.
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5.2.2.2 TN Jammer at 45 Degrees Azimuth. When the TN jammer
is at an azimuth of φ = 45◦, the jammer mainbeam is also at φ = 45◦. Adaptive
filters are able to place a null at locations in azimuth not in the radar look direction.
Adaptive radar performance suffers most when the hot clutter jammer is at φ = 0◦ as
it is unable to adapt to the TN jammer mainbeam interference. When the jammer is
not located in the mainbeam, the adaptive filters are able to place a null at sources
of interference except at φ = 0◦. Therefore, the hot clutter transmitting through a
jammer sidelobe is the only location in normalized Doppler corrupted at φ = 0◦. The
normalized Doppler location of this hot clutter will change as the jammer range from
the RUT changes, as seen in Figure 5.32.
When the jammer is at 72 Km, and the RUT is 66 Km, the jammer is illu-
minating the radar. At φ = 0◦, RUT= 66 Km, the azimuth angle from jammer to
the clutter patches change. When the jammer is at 72 Km, the jammer sidelobes at
φ = −62◦ illuminate the clutter patch at φ = 0◦. When the jammer is at 132 Km, the
jammer sidelobes at φ = −28◦ illuminate the clutter patch at φ = 0◦. The elevation
angle to the clutter patches also changes. The hot clutter Doppler location at φ = 0◦
occurs at ω¯ = 0.10 for the jammer at 132 Km, and ω¯ = −0.07 for the jammer at
72 Km. When the sample support is small, the hot clutter Doppler locations do not
drastically change within a small range extent. The SINR Loss at φ = 0◦ due to hot
clutter varies little over the sample support vectors in Figures 5.33 and 5.34. The
adaptive filters are able to mitigate the mainbeam jammer interference at ω¯ = −0.36.
When the jammer is at φ = 0◦, the range cells close to the jammer suffered
serious performance degradation due to a large increase in interference. When the
jammer is at φ = 45◦, the jammer is illuminating the clutter patches at φ = 0◦, 132
Km and 72 Km from the radar through a sidelobe. The adaptive filters are able
to mitigate all interference except at φ = 0◦, thus mitigating the interference from
the jammer mainbeam at φ = 45◦, ω¯ = −0.36. The change in the jammer sidelobe
normalized Doppler is less in the 3×3 JDL and the FTS and BH FTS adaptive filters
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Figure 5.32: MF SINR Loss due to a TN jammer at φ = 45◦. The RUT is 66
Km. The Output SINR loss due to the jammer is calculated for jammer ranges from
72 to 132 Km. The hot clutter at φ = 0◦ is dependent upon range, even if the
jammer mainbeam is not. The maximum MF SINR loss changes with respect to the
hot clutter Doppler location at φ = 0◦ as the jammer is at different ranges from the
radar.
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Figure 5.33: SINR Loss for adaptive and non-adaptive processing due to hot clutter,
for a TN jammer at φ = 45◦ at 132 Km from the radar. As the jammer is far from the
RUT, the hot clutter at φ = 0◦ changes little over the sample support. The adaptive
filters mitigate the jammer mainbeam normalized Doppler location at ω¯ = −0.36.
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Figure 5.34: SINR Loss for adaptive and non-adaptive processing due to hot clutter,
for a TN jammer at φ = 45◦ at 72 Km from the radar. The hot clutter at φ = 0◦
changes little over the sample support, even though the radar is extremely close to the
sample support. The adaptive filters mitigate the jammer mainbeam at ω¯ = −0.36.
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than the 3 × 7 JDL adaptive filter as they use less sample support to estimate the
interference.
Joint-Domain Localized. The Output SINR using the estimated
interference covariance matrix to construct the JDL adaptive filters is seen in Fig-
ure 5.35. The interference estimate is created from sample support vectors above and
below the RUT at 66 Km. The mainbeam jammer interference is averaged to occur at
the interference normalized Doppler location in the RUT. The interference estimate
is similar to the RUT. Therefore, the performance degradation due to hot clutter is
still approximately at ω¯ = −0.07.
The jammer interference at φ = 0◦ occurs at ω¯ = 0.10 for a TN jammer at
φ = 45◦, 132 Km from the radar. Similarly, the jammer interference at φ = 0◦ occurs
at ω¯ = −0.07 for a TN jammer at φ = 45◦, 72 Km from the radar. Monte Carlo
analysis to simulate probability of detection is performed at these two respective
locations in normalized Doppler to examine the effect hot clutter has on the JDL
adaptive filter. Both locations degrade JDL adaptive filtering performance. When
the jammer is at 72 Km from the radar, the probability of detection for a target at
φ = 0◦, ω¯ = −0.07 is seen in Figure 5.36. The required input SINR per element per
pulse is 20 dB more for both JDL adaptive filters to achieve the same probability of
detection. As normalized Doppler location is already in a location where non-adaptive
performance suffers, the probability of detection of non-adaptive radar at this location
is relatively unaffected.
In Figure 5.37, the JDL adaptive radar performance is seen for a TN jammer
at φ = 45◦, 132 Km from the radar for a target at φ = 0◦, ω¯ = 0.10. The probability
of detection is performed at the hot clutter locations at φ = 0◦ for each location in
range. It is important to note the performance degradation is similar for both jammer
locations in range. The adaptive filter is able to filter out the jammer mainbeam at
φ = 45◦, therefore the interference at φ = 0◦ is radiated from jammer sidelobes.
As the jammer sidelobe at 72 Km is at φ = −62◦, and the jammer sidelobe at 132
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Figure 5.35: Output SINR using the JDL adaptive filter created from estimated
interference. The TN jammer is at φ = 45◦, at 72 Km from the radar. As the sample
support is small, the interference estimate is similar to the range cell under test. The
JDL radar performance does not seriously degrade due to the heterogeneities within
the environment.
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Figure 5.36: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = −0.07. The TN jammer is at φ = 45◦, 72 Km
from the radar. The probability of detection is seriously degraded as this Doppler
location is the location of hot clutter at φ = 0◦. The probability of detection is for
Ntrials = 1000, and a Pfa = 0.01.
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Figure 5.37: Probability of Detection for the JDL adaptive filter using Monte Carlo
analysis for a target at φ = 0◦, ω¯ = 0.10. The TN jammer is at φ = 45◦, 132 Km
from the radar. The probability of detection is seriously degraded as this Doppler
location is the location of hot clutter at φ = 0◦. The probability of detection is for
Ntrials = 1000, and a Pfa = 0.01.
is at φ = −28◦, the gain on the clutter patch is similar as the difference in range
compensates for the difference in the jammer sidelobe power.
Factored Time Space. The radar performance using the FTS
adaptive filter under estimated interference is examined by examining Output SINR
across normalized Doppler for the TN jammer at φ = 45◦, 72 Km from the RUT
in Figure 5.38. The interference estimate requires a low number of sample support
vectors; therefore, the Output SINR loss is not seriously affected due to the hetero-
geneities within the sample support and the interference does not drastically change
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Figure 5.38: Output SINR using the FTS adaptive filter created from estimated
interference. The TN jammer is at φ = 45◦, at 72 Km from the radar. As the sample
support is small, the interference estimate is similar to the range cell under test, thus
the FTS radar performance does not seriously degrade due to the heterogeneities
within the environment.
over a small range extent. The Output SINR using estimated interference for FTS
adaptive filtering creation is approximately 3 dB less than Output SINR using known
interference for FTS adaptive filter in Figure 5.17.
The probability of detection of a target is simulated for the same locations in
normalized Doppler as the JDL adaptive filter; φ = 0◦, ω¯ = −0.07 for a jammer at
φ = 45◦, 72 Km from the radar, and φ = 0◦, ω¯ = 0.10 for a jammer at φ = 45◦, 132 Km
from the radar. The probability of detection for the FTS adaptive filter is seen at these
locations in normalized Doppler in Figures 5.40 and 5.39. The detection probability
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Figure 5.39: Probability of Detection for the FTS adaptive filter using Monte Carlo
analysis for a target at φ = 0◦, ω¯ = −0.07. The TN jammer is at φ = 45◦, 72 Km
from the radar. The probability of detection is for Ntrials = 1000, and a Pfa = 0.001.
for both FTS adaptive methods requires a larger input SINR than the non-adaptive
steering vector at these locations in normalized Doppler. However, these locations
in normalized Doppler are the worst case scenario. The FTS adaptive filter is able
to significantly improve detection probability at the normalized Doppler location of
jammer mainbeam at ω¯ = −0.36, seen in the Output SINR for estimated interference
in Figure 5.38.
5.3 TN Jammer Performance Impact Summary
The TN jammer is able to produce ground clutter at new locations in azimuth
and normalized Doppler based on the jammer velocity direction and the jammer
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Figure 5.40: Probability of Detection for the FTS adaptive filter using Monte Carlo
analysis for a target at φ = 0◦, ω¯ = 0.1563. The TN jammer is at φ = 45◦, 132 Km
from the radar. The probability of detection is for Ntrials = 1000, and a Pfa = 0.001.
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azimuth from the radar. The location of hot clutter in azimuth and Doppler is de-
pendent on the TN jammer range, and azimuth. In this development, the jammer
velocity component in the radar direction is always zero. When the jammer is located
at φ = 0◦, the jammer mainbeam is always at ω¯ = 0 regardlessly of jamming range
to the radar platform. Similarly, if the jammer is at an azimuth other than φ = 0◦,
the jammer mainbeam will always be in at a particular Doppler location regardless
of range. In the TN jamming scenario illustrated, the mainbeam jamming location
is always in the same location in Doppler. The jammer model is slightly modified to
only change the jammer velocity component in order to make the jammer fly directly
towards the radar. The jammer mainbeam location in normalized Doppler will no
longer be independent of range, and will no longer be at ω¯ = 0 when the jammer
is at φ = 0◦. The impact on radar performance for a oncoming (OC) jammer flying
directly towards the radar is discussed in Chapter VI.
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VI. Oncoming Hot Clutter Jammer Impact on Side-Looking
Radar Performance
In Chapter III, the hot clutter model is developed for a tangential (TN) jammer. Inthese simulations, the jammer is modified to be an oncoming (OC) jammer. The
jammer is now flying directly towards the radar at a velocity vj. The new jamming
scenario is illustrated in Figure 6.1. The largest degradation in radar performance
occurs when the jammer is directly in the radar mainbeam at φ = 0◦. When the
jammer is OC, the jammer mainbeam Doppler location changes due to the range
from the radar, even when the jammer is at φ = 0◦. The heterogeneities within the
sample support is greatest when the jammer is close the the range cell under test
(RUT). The effect of changing the jammer velocity component to make the jammer
OC is examined for the same locations as the TN jammer; at φ = 0◦ and φ = 45◦ in
azimuth and 132 Km and 72 Km from the radar platform.
6.1 Non-Adaptive Radar Performance
Non-adaptive radar performance is similar to the non-adaptive radar perfor-
mance for the TN jammer, except the jammer mainbeam location in Doppler is now
different.
6.1.1 OC Jammer at Boresight. When the OC jammer is at boresight, the
jammer mainbeam changes location in Doppler with respect to range. The range
dependence in Doppler of an OC jammer can be seen in Figure 6.2. When range cells
are extremely close to the jammer, the jammer mainbeam changes from range cell to
range cell, as the elevation angle to the clutter patches are large. As the range cells
are farther from the jammer, the more homogeneous the range cells become.
When the jammer is at φ = 0◦, one can see the non-adaptive Output SINR for
the jammer 72 and 132 Km from the radar in Figure 6.3. When examining the Output
SINR, one can see the jammer mainbeam change in normalized Doppler based on the
jammer range.
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Figure 6.1: The OC jamming scenario. The jammer velocity component in the
radar direction is simply the jammer velocity vj. The relative velocity of ground
clutter from the OC jammer is different than the velocity of ground clutter from
the TN jammer. The jammer velocity component to the ikth radar clutter patch is
changed.
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Figure 6.2: Range-Doppler output for non-adaptive radar performance. The OC
jammer is at φ = 0◦, 72 Km from the radar. The jammer mainbeam range dependence
can be seen from the large output resulting from the jammer mainbeam starting at
69 Km. The range cells are clearly heterogeneous from one-another in this jamming
scenario. The range cells evaluated are from 60 to 72 Km from the radar.
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Figure 6.3: Non-adaptive Output SINR for the OC jammer at φ = 0◦ for jammer
ranges of 72 and 132 Km from the radar. As the jammer is OC, the jammer mainbeam
is no longer at ω¯ = 0, as changes for different jammer locations in range. When the
jammer is at 72 Km, the jammer mainbeam is at ω¯ = −0.16. When the jammer is at
132 Km, the jammer mainbeam is now at ω¯ = −0.10. The degradation in in Output
SINR becomes greater as the jammer is closer to the RUT.
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6.1.2 OC Jammer at 45 Degrees Azimuth. For an OC jammer at φ = 45◦,
the Output SINR for this jamming location is seen in Figure 6.4 for ranges of 72 Km
and 132 Km from the radar. When the jammer is at 132 Km, the largest interference
occurs at the jammer mainbeam location in Doppler at ω¯ = −0.45. This interference
location enters the radar through a sidelobe as the radar is looking at φ = 0◦. There
is also a degradation in interference along ω¯ = 0.17. This degradation is the location
in normalized Doppler of jammer interference at φ = 0◦. The interference at radar
boresight is transmitted through a jammer sidelobe; therefore, the loss in Output
SINR is less at this location than at ω¯ = −0.45, the mainbeam jammer Doppler
frequency.
When the jammer is at 72 Km, the jammer mainbeam interference is now at a
normalized Doppler frequency of ω¯ = 0.48. The radar is receiving the jammer through
one of its sidelobes. As the jammer is closer to the RUT, the interference is much
greater than when the jammer is at 132 Km. The jammer interference at φ = 0◦
is at a normalized Doppler frequency of ω¯ = −0.01. There is minimal impact in
Output SINR at this location in normalized Doppler as a result of hot clutter as there
is already a significant degradation in Output SINR for non-adaptive performance
around ω¯ = 0 resulting from the ground clutter illuminated by the radar mainbeam.
In addition, when the jammer is at 72 Km, the jammer antenna pattern illuminates
the clutter patch at φ = 0◦ in a jammer sidelobe at φ = −62 degrees. The jammer is
not able to illuminate this clutter patch with significant power, and the degradation
in Output SINR at ω¯ = −0.01 is not significant due to the OC jammer at φ = 45◦,
72 Km from the radar.
6.2 Adaptive Radar Performance
The impact of an OC hot clutter jammer on adaptive radar performance is
examined under known and estimated interference. Using the same performance
metrics as in Chapter V, the performance impact of an OC jammer on the Matched
Filter (MF), Factored Time Space (FTS), and Joint Domain Localized (JDL) adaptive
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Figure 6.4: Output SINR for non-adaptive processing. The interference contains
an OC jammer at φ = 45◦, 72 Km and 132 Km from the radar. When the jammer is
at 132 Km, the hot clutter degrades Output SINR at the mainbeam jammer location
in Doppler and the hot clutter at φ = 0◦ at ω¯ = −0.45, and ω¯ = 0.17 respectively.
When the jammer is at 72 Km, the interference primarily increases at the mainbeam
jammer location in Doppler at ω¯ = 0.48. The hot clutter at φ = 0◦ for a jammer at
φ = 45◦, 72 Km from the radar is radiated through a jammer sidelobe, and degrades
radar performance at ω¯ = −0.01. As this Doppler location already suffers in perfor-
mance, and the hot clutter power is not significant in this location, the non-adaptive
performance in Output SINR is not affected.
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filters are examined using Output SINR, SINR Loss, and probability of detection
analysis. As the OC jammer mainbeam changes in normalized Doppler, an attention
is given to the heterogeneities within the sample support when the OC jammer is close
to the RUT. These range cells have the largest jammer mainbeam range dependence
in Doppler frequency.
6.2.1 Radar Performance Using Known Interference. When adaptive filters
are operating under known covariance, they are able to adapt to sources of interfer-
ence within the environment. The effect of an OC jammer on radar performance is
examined using the known interference in the RUT using the MF, FTS, and JDL
adaptive filters.
6.2.1.1 Matched Filter. The MF is the fully adaptive filter able to
perfectly adapt to interference within the RUT. The MF is able to place spatial and
temporal nulls on interference not located in the radar look direction in azimuth and
Doppler. The adaptive MF Output SINR for the OC jammer at φ = 0◦ is seen in
Figure 6.5. When the jammer is at 132 Km, the OC jammer mainbeam is located at
ω¯ = −0.10. The maximum loss of 30 dB in Output SINR occurs at this location in
normalized Doppler. When the jammer is at 72 Km, 6 Km from the RUT, the jammer
mainbeam is now at ω¯ = −0.16. As the jammer is closer to the RUT, the jammer
sidelobes corrupt more Doppler frequencies and the maximum loss in Output SINR
in the jammer mainbeam at ω¯ = −0.16 is approximately 85 dB in Output SINR.
When the jammer is at φ = 45◦, the MF is able to null the mainbeam jammer
interference in azimuth and Doppler as it is not in the radar look direction. The MF is
able to mitigate all the hot clutter everywhere except the hot clutter present at φ = 0◦.
The Output SINR for the fully adaptive MF is seen in Figure 6.6. At 132 Km, the OC
jammer mainbeam is at ω¯ = −0.45. The MF does not suffer a performance impact at
this location in Doppler as the MF is able to suppress the jammer mainbeam. The OC
hot clutter jammer degrades performance around ω¯ = 0.17, the hot clutter location
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Figure 6.5: Output SINR for the fully adaptive MF for an OC jammer at φ = 0◦.
The jammer is 72 and 132 Km from the radar. The jammer mainbeam changes
in normalized Doppler as the jammer changes in range. In addition, the closer the
jammer is to the RUT, the larger the degradation in Output SINR becomes.
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Figure 6.6: Output SINR for the fully adaptive MF under known interference. The
jammer is at φ = 45◦, 72 and 132 Km from the radar. The MF is able to place nulls
on interference everywhere except the hot clutter located in the radar look direction
at φ = 0◦, ω¯ = −0.01 for the jammer 72 Km from the radar, and ω¯ = 0.17 for the
jammer 132 Km from the radar.
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in Doppler at φ = 0◦. Similarly, when the jammer is at φ = 45◦, 72 Km from the
radar, the only location corrupted in normalized Doppler is around ω¯ = −0.01.
6.2.1.2 Factored Time Space. The Factored Time Space adaptive filter
is only able to adapt in azimuth. The FTS filter performance in Output SINR is worse
than the MF as the filter is unable to place nulls at Doppler frequencies containing
hot clutter at φ = 0◦. Therefore, the Output SINR around the Doppler frequencies
containing hot clutter will degrade more for the FTS adaptive filter as it does not
have the ability to adapt in Doppler.
When the jammer is at φ = 0◦, 132 Km from the radar, the degradation in
Output SINR for the FTS adaptive filter in seen in Figure 6.7. As the jammer
mainbeam is located at ω¯ = −0.10, the FTS filter is unable to suppress the hot
clutter interference at locations around this location in Doppler. Similarly, when
the jammer is at φ = 0◦, 72 Km from the radar, the radar performance using the
FTS adaptive filter degrades at the new jammer mainbeam location at ω¯ = −0.16,
seen in Figure 6.8. The performance impact in Output SINR is worse as the OC
jammer at 72 Km is closer to the RUT, the illuminating power from the jammer to
the clutter patches is greater. As seen in Figures 6.7 and 6.8, the FTS adaptive
filter without a Doppler taper performs similar to the non-adaptive steering vector.
Both the radar performance using the FTS filter non-adaptive processing are similar
as the FTS in unable to adapt to the jammer mainbeam, as the jammer mainbeam is
located in the radar look direction. When a Blackman-Harris (BH) taper is applied
across normalized Doppler, the radar performance is better than the FTS without a
Doppler Taper and non-adaptive radar performance.
When the jammer is at φ = 45◦, one can see the radar performance using FTS
adaptive filters for the jammer at 72 and 132 Km in Figures 6.9 and 6.10. The FTS
adaptive filter is able to place a nulls in azimuth in the jammer mainbeam at φ = 45◦.
When the jammer is at 132 Km, the FTS performance improves Output SINR in the
radar mainbeam Doppler frequency almost 30 dB. The radar performance using the
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Figure 6.7: Output SINR for the FTS adaptive filter for an OC jammer at φ = 0◦,
132 Km from the radar. As the jammer is at φ = 0◦, the FTS filter is not able to
suppress the mainbeam jammer interference.
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Figure 6.8: Output SINR for the FTS adaptive filter for an OC jammer at φ = 0◦,
72 Km from the radar. The jammer mainbeam is at φ = 0◦, ω¯ = −0.16. The FTS
is unable to suppress the jammer mainbeam as it is in the radar look direction. The
locations in Doppler around the mainbeam degrades more than MF Output SINR as
the FTS filter is unable to suppress interference in Doppler.
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Figure 6.9: Output SINR for the FTS adaptive filter for an OC jammer at φ = 45◦,
132 Km from the radar. The FTS filter is unable to place a null in azimuth around the
hot clutter at φ = 0◦, ω¯ = 0.17 as it is in the radar look direction. The jammer is able
to place a null in the jammer mainbeam Doppler location at ω¯ = −0.45, improving
radar performance at this location in Doppler up to 30 dB.
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Figure 6.10: Output SINR for the FTS adaptive filter for an OC jammer at φ = 45◦,
72 Km from the radar. The FTS filter is able to suppress the jammer at φ = 45◦,
ω¯ = 0.48. As the radar performance for the FTS filter around ω¯ = 0 is already poor,
the jammer sidelobe illuminating φ = 0◦, ω¯ = −0.01 has minimal effect on the FTS
Output SINR.
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FTS adaptive filter degrades around ω¯ = 0.17 as it is unable to null the hot clutter
located at φ = 0◦.
The radar performance in Output SINR using the FTS adaptive filter suffers
minimal degradation when the jammer is at φ = 45◦, 72 Km from the radar. The
FTS adaptive filter places nulls in the jammer mainbeam at φ = 45◦, resulting in
an improvement in the jammer mainbeam Doppler at ω¯ = 0.48. The hot clutter at
φ = 0◦ is located in Doppler at ω¯ = −0.01. This Doppler location is where the FTS
filter already suffers performance loss resulting from the radar mainbeam; therefore,
performance is relatively unaffected. The BH FTS filter improves performance up to
approximately 40 dB at ω¯ = 0.48, whereas the FTS filter without a Doppler taper
improves performance more than 20 dB at this Doppler location.
6.2.1.3 Joint Domain Localized. The radar performance using JDL
adaptive filters is better than radar performance using FTS adaptive filters under
known covariance as the JDL filter is able to place nulls in Doppler as well as az-
imuth. The maximum degradation in Output SINR in the jammer mainbeam loca-
tions in Doppler are less when using the JDL filters than Output SINR using FTS
filters. Under known covariance, the 3 × 3 and 3 × 7 JDL filters perform approx-
imately the same. The degradation in Output SINR is only results from the hot
clutter interference located at φ = 0◦, resulting from either the jammer mainbeam
or sidelobes depending on the jamming location in azimuth. The radar performance
in Output SINR for the JDL adaptive filters is better than the FTS filter. Using
known interference, the radar performance using the JDL filters in Output SINR is
close to the radar performance when using the adaptive MF. The Output SINR for
the OC jammer at φ = 0◦ and φ = 45◦, at ranges of 72 and 132 Km can be seen
in Figures 6.11, 6.12, 6.13, and 6.14. The Output SINR calculated for FTS and
JDL adaptive filters is when the filters is using the known interference within the
RUT. The next section evaluates the radar performance using FTS and JDL partially
adaptive filters under estimated interference.
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Figure 6.11: Output SINR for the JDL adaptive filter for an OC jammer at φ = 0◦,
132 Km from the radar. Both the 3 × 3 and 3 × 7 adaptive JDL filters perform
approximately the same. The jammer mainbeam is at φ = 0◦, ω¯ = 0.10. The JDL
filter is able to suppress locations of interference not in the jammer mainbeam or
radar mainbeam. The JDL adaptive filter improves performances compared to the
FTS adaptive filter at Doppler locations close to the jammer and radar mainbeam.
For example, when the radar has a look direction of φ = 0◦, ω¯ = −0.05, the JDL
filters improve in Output SINR about 40 dB over the Output SINR using the FTS
filters seen in Figure 6.7.
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Figure 6.12: Output SINR for the JDL adaptive filter for an OC jammer at φ = 0◦,
72 Km from the radar. The JDL filter performs worse than when the jammer is at 132
Km as the jammer is now closer to the RUT. The jammer mainbeam is now located
at ω¯ = −0.16. The JDL filter is able to adapt in Doppler. The JDL adaptive filter
offers significant improvement in Output SINR from the FTS filter and non-adaptive
processing.
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Figure 6.13: Output SINR for the JDL adaptive filter for an OC jammer at φ = 45◦,
132 Km from the radar. As the JDL filter is able to adapt in azimuth and Doppler,
the radar performance using the JDL filter is only corrupted around ω¯ = 0.17, the
location of hot clutter at φ = 0◦.
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Figure 6.14: Output SINR for the JDL adaptive filter for an OC jammer at φ = 45◦,
72 Km from the radar. The location of hot clutter at φ = 0 is at ω¯ = −0.01.
The JDL adaptive filter is already lacking at this location in normalized Doppler;
therefore, hot clutter at φ = 45◦, 72 Km from the RUT is largely unaffected when
using both the 3× 3 and 3× 7 JDL adaptive filters. The JDL is able to mitigate the
jammer mainbeam at ω¯ = 0.48, improving Output SINR at this location in normalized
Doppler approximately 40 dB.
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6.2.2 Radar Performance Using Estimated Interference. The JDL and FTS
adaptive filters are evaluated using estimated interference. The radar performance
using these filters are evaluated using SINR Loss, Output SINR using estimated in-
terference, and probability of detection using Monte Carlo analysis.
6.2.2.1 OC Jammer at Boresight. It is shown for a TN jammer very
close to the RUT, the interference becomes different from range cell to range cell.
However, the mainbeam interference for a TN jammer is always at ω¯ = 0 when
the jammer is in the radar mainbeam at φ = 0◦. The estimated interference is
responsible for a degradation in performance, however as the mainbeam is always at
ω¯ = 0, the interference estimate is not extremely corrupted. For an OC jammer,
the heterogeneity within the range cells close to the RUT for a jammer at φ = 0◦,
72 Km from the RUT is apparent in the non-adaptive output in Figure 6.2. In the
case with an OC jammer, the mainbeam interference now changes. The SINR Loss
using the MF under known interference for the RUT= 66 Km, as the jammer varies
in range from 72 Km to 132 Km from the radar is illustrated in Figure 6.15. When
the jammer is far from the range cell under test, the SINR Loss associated with
the jammer mainbeam is approximately in the same location in normalized Doppler.
As the jammer approaches the RUT, the mainbeam jammer interference noticeably
changes in normalized Doppler as the jammer is closer to the RUT. The sample
support is corrupted if the jammer is close to the RUT as the mainbeam jammer
interference changes locations in normalized Doppler frequency.
When the jammer is at φ = 0◦, 132 Km from the radar, thus 66 Km from
the RUT clutter patch at φ = 0◦, one can see the SINR Loss due to hot clutter
in the sample support range cells around the RUT at 66 Km in Figure 6.16. The
SINR Loss for the non-adaptive and adaptive radar performance as the hot clutter is
approximately the same for all range cells around the RUT when the jammer is at
132 Km. The SINR Loss is approximately the same for all ranges cells; therefore, one
132
Figure 6.15: MF SINR Loss for an OC jammer at φ = 0◦ for the RUT at 66 Km.
The jammer range is calculated from 72 to 132 Km. When the jammer range is close
to the RUT, the jammer mainbeam changes from range cell to range cell. When
the the jammer is far from the RUT, the mainbeam jammer interference location is
approximately the same.
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Figure 6.16: SINR Loss for adaptive and non-adaptive processing from hot clutter
in the range cell sample support around the RUT at 66 Km. The jammer is OC, 132
Km from the radar. As the jammer is far from the RUT, the sample support vectors
are approximately homogeneous with one another.
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can infer the interference within the range cell sample support to be homogeneous
and will create an accurate interference estimate.
The SINR Loss due to hot clutter using non-adaptive and adaptive processing
when the jammer is at 72 Km can be seen in Figure 6.17. The jammer mainbeam
changes 0.2 in normalized Doppler throughout the 3 × 7 JDL sample support. This
change in the degradation in SINR Loss representing the jammer mainbeam will result
in a poor interference estimate, and a loss in radar performance. The FTS, BH FTS,
and 3×3 JDL sample support uses less range cells to create the estimate interference.
The estimated interference is not as corrupted in these adaptive filters as the jammer
mainbeam does not change as much in normalized Doppler as across the 3 × 7 JDL
sample support.
Joint Domain Localized. The Joint Domain Localized adaptive
filter is constructed using two different Localized Processing Regions. The first LPR
is size 3× 3, and the second is size 3× 7. The corresponding sample support needed
for interference covariance matrix estimation is, respectively, 18 and 42. When these
JDL adaptive filters are created using estimated interference, the degradation due
to the poor interference estimate in Output SINR is illustrated in Figure 6.18. The
jammer mainbeam changes in normalized Doppler from approximately ω¯ = −0.10 to
ω¯ = −0.30 over 42 range cells around the sample support. The jammer mainbeam
in the RUT is at ω¯ = −0.16. The 3 × 7 JDL adaptive filter using the interference
estimate of all 42 range cells is corrupted, resulting in a degradation in Output SINR
around ω¯ = −0.10 to ω¯ = −0.30. When the 3 × 3 JDL adaptive filter only uses
18 range cells for sample support, the degradation due to a poor estimate is still
apparent. However, as the mainbeam is changing less in normalized Doppler across
18 range cells, the radar degradation in Output SINR for the 3×3 JDL adaptive filter
is less than the 3× 7 JDL adaptive filter.
When examining the probability of detection using Monte Carlo analysis, the
impact of a poorly estimated interference covariance matrix for the 3 × 7 JDL con-
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Figure 6.17: SINR Loss for adaptive and non-adaptive processing from hot clutter
in the range cell sample support around of RUT at 66 Km. The jammer is OC, 72
Km from the radar. The SINR Loss associated with the jammer mainbeam changes
approximately 0.2 in normalized Doppler throughout the 3× 7 JDL sample support.
As the FTS and 3×3 JDL filters use less sample support than the 3×7 JDL filter, the
jammer mainbeam does not change as much in normalized Doppler. The interference
estimate using these sample support vectors, especially for the 3×7 JDL filter poorly
represents interference in the RUT.
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Figure 6.18: Output SINR using estimated interference for JDL construction. The
OC jammer is at φ = 0◦, 72 Km from the RUT. The jammer mainbeam changes from
range cell to range cell when the jammer is close to the sample support. The 3 × 3
JDL uses less sample support than the 3× 7 JDL. As the jammer mainbeam changes
less over a small range extent, the estimated interference is more like the interference
in the RUT for the 3× 3 JDL interference estimate than the 3× 7 JDL interference
estimate. The radar performance in Output SINR is better for the 3×3 JDL adaptive
filter than the 3× 7 JDL adaptive filter, even though it uses less degrees of freedom.
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struction is apparent in Figure 6.19. The probability of detection is simulated when
the radar is looking for a target at φ = 0◦, ω¯ = −0.30. When the OC jammer is at
φ = 0◦, 72 Km from the jammer, the jammer mainbeam is at ω¯ = −0.16 in the RUT.
In Figure 6.19, one can see the 3×7 JDL adaptive filter suffer significant degradation
in the presence of hot clutter for a target at φ = 0◦, ω¯ = −0.30, even though the
mainbeam is at ω¯ = −0.16. As the 3× 7 JDL adaptive filter interference estimate is
poor, the input SINR to achieve a reliable probability of detection of Pd= 0.99 is on
the order of 24 dB in input SINR. This required input SINR is extremely large, and
the likelihood of a radar ever detecting a target at this normalized Doppler is slim.
The 3 × 3 JDL filter performs better than the 3 × 7 JDL filter as the interference
estimate is more like the interference in the RUT.
When the jammer is at 132 Km, the probability of detection is again simulated
for the JDL adaptive filter at ω¯ = −0.10, seen in Figure 6.20. As this location in
Doppler is the location of mainbeam jammer interference, the JDL filters are expected
to degrade around this Doppler location. Though probability of detection degrades
for the JDL adaptive filters, they still perform better than radar performance using
non-adaptive processing. The interference estimate is more accurate as the jammer
is far from the RUT, and the sample support is homogeneous.
Factored Time Space. The FTS adaptive filter uses 2N , or 22
sample support vectors to create the estimated interference. As the number of sample
support vectors is relatively small, the interference estimate is not seriously corrupted
resulting from the shift in jammer mainbeam normalized Doppler. The Output SINR
using estimated interference to create the FTS adaptive filter when the jammer is at
φ = 0◦, 72 Km is seen in Figure 6.21. When compared to the Output SINR for the
FTS filter using known covariance in Figure 6.8, the Output SINR using estimated
interference further degrades across more locations in normalized Doppler around the
jammer mainbeam. This degradation occurs as the jammer mainbeam is changing
in normalized Doppler at values slightly above and below ω¯ = −0.16 throughout the
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Figure 6.19: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = −0.30. The OC jammer is at φ = 0◦, 72 Km from
the radar. The corruption in the 3 × 7 JDL sample support results in a significant
loss in radar performance for the 3× 7 JDL filter. The probability of detection is for
Ntrials = 1000, and a Pfa = 0.01.
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Figure 6.20: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = −0.10. The OC jammer is at φ = 0◦, 132 Km
from the radar. The jammer is far from the RUT; therefore, the interference estimate
similar to the RUT. The hot clutter degrades the performance of both JDL filters
and non-adaptive radar performance. As the sample support is homogeneous, the
JDL filters perform better than non-adaptive processing in the radar mainbeam. The
probability of detection is for Ntrials = 1000, and a Pfa = 0.01.
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sample support. However, as the sample support is small the interference estimate
does not seriously corrupt radar performance.
The FTS adaptive filter performance is examined using Monte Carlo analysis
for the probability of detection. The probability of detection is simulated for a target
at φ = 0◦, ω¯ = −0.30 when the jammer is at φ = 0◦, 72 Km from the radar. The 3×7
JDL adaptive filter performance at this normalized Doppler location suffers due to an
inaccurate interference estimate. The FTS adaptive filter performs better than the
3× 7 JDL filter as the interference estimate is not seriously corrupted, as illustrated
in Figure 6.22. The BH FTS adaptive filter performs approximately 35 dB better
than the 3 × 7 JDL adaptive filter. However, the 3 × 3 JDL filter performs better
than both FTS and BH FTS adaptive filterss. The radar performance using the 3× 3
JDL filter is able to provide adaptivity in Doppler, and uses less sample support for
interference estimation than FTS adaptive filters.
The probability of detection for a target at φ = 0◦, ω¯ = −0.10 for a jammer
at 132 Km is seen in Figure 6.23. At ω¯ = −0.10, the radar performance is lacking
for the FTS adaptive filters, as this location in normalized Doppler is the location
of mainbeam jammer interference. The FTS adaptive filters perform worse than the
non-adaptive steering vector. The JDL adaptive filters are able to perform better
than the FTS adaptive filters at this location as they are able to null location of
interference in Doppler.
6.2.2.2 OC Jammer at 45 Degrees Azimuth. When the OC jammer is
at φ = 45◦, the adaptive radar performance is similar to the radar performance with
a TN jammer at φ = 45◦. The hot clutter Doppler location at φ = 0◦ for TN and
OC jammers is range dependent when they illuminate the radar mainbeam and the
jammers are not located at φ = 0◦. In Figure 6.24 and Figure 6.25, the location of
jammer interference at φ = 0◦ changes with respect to the jammer range; however,
the Doppler shift of hot clutter at φ = 0◦ is small. Therefore, the interference in the
sample support is similar to the RUT for all adaptive filters. The location of jammer
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Figure 6.21: Output SINR using estimated interference for FTS construction. The
OC jammer is at φ = 0◦, 72 Km from the RUT. As the sample support is small,
the FTS adaptive filter constructed under estimated interference is similar to the
FTS adaptive filter under known interference. Output SINR further degrades around
locations in Doppler at ω¯ = −0.16, as the jammer mainbeam interference in the
sample support is slightly above and below this normalized Doppler value. As the
sample support is small, the degradation in performance using estimated interference
is not severe as the sample support is similar to the RUT.
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Figure 6.22: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter for a target at φ = 0◦, ω¯ = −0.30. The OC jammer is at φ = 0◦, 72 Km from
the radar. The FTS adaptive filter uses less sample support than the 3×7 JDL filter.
The degradation in radar performance at this location in normalized Doppler is not
large as the 3×7 JDL adaptive filter. The probability of detection is for Ntrials = 1000,
and a Pfa = 0.01.
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Figure 6.23: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter for a target at φ = 0◦, ω¯ = −0.10. The OC jammer is at φ = 0◦, 132 Km
from the radar. The sample support when the jammer is far from the RUT is ap-
proximately homogeneous. As the jammer mainbeam is located at φ = 0◦, the FTS
adaptive filter is unable to place nulls in Doppler; therefore, the FTS adaptive filter
performs worse than the JDL adaptive filter and non-adaptive processing. This loca-
tion in Doppler is corrupted most by hot clutter. The FTS adaptive filters expect to
perform better to mitigate hot clutter at other Doppler locations. The probability of
detection is for Ntrials = 1000, and a Pfa = 0.01.
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Figure 6.24: SINR Loss for non-adaptive and adaptive processing from hot clutter
in the range cell sample support around the RUT at 66 Km. The OC jammer is 72
Km from the radar at φ = 45◦. Even though the jammer is close to the RUT, the
SINR Loss in the adaptive filters is approximately at the same location in normalized
Doppler. The adaptive filters are able to mitigate the jammer mainbeam located
around ω¯ = 0.48. The interference in the range cell sample support is similar to the
interference in the RUT.
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Figure 6.25: SINR Loss for non-adaptive and adaptive processing from hot clutter
in the range cell sample support around the RUT at 66 Km. The jammer is OC, 132
Km from the radar at φ = 45◦. The SINR loss occurs approximately at ω¯ = 0.17 for
all range cell sample support using adaptive processing. The adaptive filters are able
to mitigate the jammer mainbeam around ω¯ = −0.45.
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normalized Doppler interference at φ = 0◦ changes within the sample support more
when the jammer is close to the RUT, than when the jammer is far from the RUT.
The interference estimate is further from the known interference in the RUT when the
jammer is at 72 Km, than when the jammer is at 132 Km. The mainbeam jammer
interference is at φ = 45◦, ω¯ = 0.48 for the jammer at 72 Km. For the jammer at
132 Km, the jammer mainbeam is located at φ = 45◦, ω¯ = −0.45. As the estimated
interference is not seriously corrupted for heterogeneous range cell sample support
for the FTS and JDL adaptive filters for both 72 and 132 Km, the only difference
between the interference in the TN and OC jamming scenarios at φ = 45◦ is the
Doppler location of hot clutter at φ = 0◦. In Chapter V, the JDL and FTS adaptive
filters are shown to degrade at the Doppler location of hot clutter at φ = 0◦. Now,
the JDL and FTS adaptive filters are examined at the jammer mainbeam Doppler
locations. The adaptive filters improve performance at these locations in Doppler as
they spatially adapt to jammer mainbeam interference when the jammer is not in the
mainbeam.
Joint Domain Localized. When the jammer is at 72 Km, the
probability of detection is simulated for a target at φ = 0◦, ω¯ = 0.48 in Figure 6.26.
Similarly, the probability of detection simulated for a target at φ = 0◦, ω¯ = −0.45
when the jammer is at 132 Km. These Doppler values are the location of jammer
mainbeam interference. At these normalized Doppler locations, the JDL adaptive
filters are able to suppress the mainbeam jammer interference. The performance for
the 3 × 3 and 3 × 7 adaptive JDL filters at 72 Km and 132 Km from the radar are
approximately the same, with each only degrading in performance due to hot clutter
about 1 or 2 dB in input SINR per element per pulse.
Factored Time Space. When the FTS adaptive filter is used to
simulate the probability of detection in the jammer mainbeam normalized Doppler
location, the results are similar to the JDL adaptive filter. As the jammer is not at
φ = 0◦, the FTS adaptive filter places spatial nulls in the jammer mainbeam, and
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Figure 6.26: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = 0.48. The OC jammer is at φ = 45◦, 72 Km
from the radar. As the jammer is not at boresight, the JDL adaptive filter is able to
suppress the mainbeam jammer interference at ω¯ = 0.48. The probability of detection
is for Ntrials = 1000, and a Pfa = 0.01.
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Figure 6.27: Probability of Detection using Monte Carlo analysis for the JDL adap-
tive filter for a target at φ = 0◦, ω¯ = −0.45. The OC jammer is at φ = 45◦, 132
Km from the radar. As the jammer is not at boresight, the JDL adaptive filter is
able to suppress the mainbeam jammer interference at ω¯ = −0.45. The probability
of detection is for Ntrials = 1000, and a Pfa = 0.01.
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Figure 6.28: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter for a target at φ = 0◦, ω¯ = 0.48. The OC jammer is at φ = 45◦, 72 Km
from the radar. As the jammer is not at boresight, the FTS adaptive filter suppresses
the mainbeam jammer interference at ω¯ = 0.48. The probability of detection is for
Ntrials = 1000, and a Pfa = 0.01.
suppresses jammer mainbeam interference. Though the JDL adaptive filters require
less input SINR to achieve the same probability of detection than the FTS adaptive
filters, the degradation in input SINR due to hot clutter is approximately the same for
both JDL and FTS filters when the jammer is at φ = 45◦, 72 Km and 132 Km from
the RUT. The probability of detection at the jammer mainbeam normalized Doppler
for the FTS adaptive filters can be seen in Figures 6.28 and 6.29.
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Figure 6.29: Probability of Detection using Monte Carlo analysis for the FTS adap-
tive filter for a target at φ = 0◦, ω¯ = −0.45. The OC jammer is at φ = 45◦, 132 Km
from the radar. As the jammer is not at boresight, the FTS adaptive filter suppresses
the mainbeam jammer interference at ω¯ = −0.45. The probability of detection is for
Ntrials = 1000, and a Pfa = 0.01.
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6.3 OC Jammer Performance Impact Summary
In this chapter, the jammer velocity direction is changed to make the jammer
an OC jammer. The OC jammer mainbeam illuminates the radar and travels directly
towards the radar platform. Changing the jammer velocity vector effectively makes
the jammer mainbeam Doppler location range dependent. The velocities between
the radar and jamming platforms are different than the relative velocities for the TN
jammer scenario where the jammer did not have a velocity in the radar direction.
The relative ground velocity from the jammer is also different. The jammer velocity
vector changes the location of hot clutter within the radar interference environment in
azimuth and Doppler. When the jammer is extremely close to the RUT in the radar
mainbeam, the range cell sample support is heterogeneous. When a large number
of sample support vectors are used to create an interference estimate, this estimated
interference is much different from the interference in the RUT, and adaptive radar
performance degrades.
152
VII. Conclusions
7.1 Hot Clutter Results
In this research, it is shown hot clutter affects the radar environment differentlydepending on many variables. The jammer antenna pattern illuminates the ground
clutter with different amounts of power in azimuth and Doppler. In addition, the
hot clutter jammer velocity vector, azimuth, elevation, and range from the radar
change hot clutter normalized Doppler frequency and power radiated to each ikth
clutter patch. The hot clutter creates new ground clutter at locations in azimuth and
Doppler, and thereby degrades adaptive and non-adaptive radar performance. The
probability of detecting a target at locations of hot clutter in the radar environment
decreases. The hot clutter jammer is assumed to be a coherent jammer. This jammer
has the same waveform and pulse repetition frequency as the radar. All hot clutter
power received by the radar is the multi-path coherent scattering reflecting from ikth
clutter patch. All the scattered jammer returns reflected to the radar are assumed
to be perfectly coherent with the radar waveform. The hot clutter model introduced
into the radar data model [12] has four main assumptions:
1. The ikth clutter patch RCS characteristics from the scattered jammer waveform
reflecting to the radar platform are assumed to be identical to the backscattered
RCS reflecting back to the jammer platform. The RCS is actually either forward
or diffuse scattering depending on the angle to the radar platform.
2. The direct path jammer signal is ignored. This research focuses only on inter-
ference reflecting from the ground.
3. The jammer backlobes are assumed to be −∞ dB. Range rings at a greater
distance from the radar than the jammer platform do not contain hot clutter.
4. The jammer and radar are moving with a associated velocity, but are stationary
throughout the CPI. As the CPI only contains M = 32 pulses, the jammer and
radar movement do not have a significant impact.
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In this research, hot clutter is shown to have four main effects on the radar inter-
ference environment.
1. The power to each radar clutter patch changes with respect to the jammer array
pattern and jammer transmit power.
2. The jammer velocity vector dictates the hot clutter normalized Doppler loca-
tions. Whether the jammer is side-looking, forward-looking, or simply flying
at a crab angle, the velocity vector is responsible for both the relative velocity
between the jammer and radar platform, and the relative velocity between the
ground clutter and the jammer.
3. The jammer azimuth location with respect to the radar changes the jammer
mainbeam location in Doppler. The jammer location in azimuth also changes
the range and thus received interfering power to the radar clutter patches.
4. Though not addressed in this research, the jammer altitude effects hot clutter
as well. The jammer altitude changes the elevation angle to the clutter patches
and the clutter patch power and radar cross section. The relative velocities
between the jammer and radar platforms are different; therefore, the hot clutter
Doppler location changes.
In this research, hot clutter has is shown to have different effects on non-adaptive
and adaptive radar performance based on the jammer velocity, azimuth, and range
to the radar platform.
1. When the jammer has a velocity in the radar direction, the jammer mainbeam
normalized Doppler location received by the radar changes with range. The
worst case scenario is when the jammer flying directly towards the radar (on-
coming (OC) scenario) in the radar mainbeam. The jammer mainbeam has a
large Doppler dependence in the range cells close to the jammer making these
range cells heterogeneous with one another. When the jammer is tangential
(TN) to the radar direction, the jammer mainbeam does not change in normal-
ized Doppler as the jammer does not have a velocity component in the radar
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direction. Range cells close to the jammer are heterogeneous but not as severe
as in a radar environment with an OC jammer flying directly into the radar
mainbeam.
2. When the hot clutter is in the radar mainbeam, the adaptive filters are unable to
spatially suppress the mainbeam jammer interference. This hot clutter jamming
location in azimuth provides the largest performance degradation.
3. When the hot clutter jammer is in a radar sidelobe, the adaptive filters are
able to suppress mainbeam interference. The only interference not suppressed
by adaptive filters is the hot clutter interference located at some location in
normalized Doppler in the radar look direction in azimuth.
Hot clutter caused maximum degradation in radar performance when the jam-
mer mainbeam is in the radar look direction at φ = 0◦. If the jammer is close to
the RUT, and the jammer mainbeam changes from range cell to range cell, as in the
OC jamming scenario, adaptive radar performance seriously degrades. The adaptive
filters are unable to mitigate the mainbeam interference at φ = 0◦. In addition, the
sample support does not reflect the interference in the RUT, further corrupting the
adaptive filters and degrading radar performance.
Hot clutter caused minimum degradation in radar performance when the jammer
is not located in the radar mainbeam. Hot clutter in the radar look direction at φ = 0◦
at some location in normalized Doppler degrades adaptive radar performance, as the
filters cannot place nulls in the radar look direction. Though adaptive filters degrade
in this location in Doppler in the radar look direction, they mitigate interference in
the jammer mainbeam Doppler location. The radar performance improves up to 32-
36 dB input SINR per element per pulse to achieve the same probability of detection
using FTS and JDL adaptive filters over non-adaptive processing. This improvement
in radar performance is for the OC jamming scenario φ = 45◦, 72 Km from the radar.
The adaptive filters are able to place a spatial null on the jammer mainbeam Doppler
location thus greatly improves radar performance.
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7.2 Recommendations for Future Work
The hot clutter covariance matrix is constructed in Chapter III. Although only
two adaptive filters are examined in this research, a hot clutter model is created in
this research effort to examine airborne radar performance in hot clutter using any
adaptive filter. The radar data model [12] is powerful as it is able to isolate hot clutter
interference.
One assumption in this research is the jammer and radar are at the same lo-
cation in the radar environment throughout the coherent processing interval. The
jammer range and velocity are constant. For a long coherent processing interval, the
assumption might not be valid. The hot clutter model can be modified on a pulse-to-
pulse basis for different flight paths to make the model more robust. The hot clutter
model could also be modified to include the direct path jamming signal. Future work
could also include adaptive filters created to mitigate the hot clutter in the mainbeam.
The current clutter model uses the 4/3 Earth model. A more robust model could be
created to characterize different ground reflectivity characteristics. The current model
examines the worst case hot clutter scenario where the radar is not able to distinguish
the scattered jammer returns from the radar returns. The model could be modified to
make the hot clutter returns non-coherent with the jamming waveform. Depending
on the waveform and the jammer transmit characteristics, the matched filter response
will vary for coherent and non-coherent returns.
A simplifying assumption used in this research is the ikth clutter patch RCS
characteristics from the scattered jammer waveform reflecting to the radar platform
are identical to the backscattered RCS reflecting back to the jammer platform. The
backscattered RCS is calculated using the constant gamma model [8]. In reality,
the scattered jammer waveform received by the radar from the ikth clutter patch
will be due to forward or diffuse scattering, whose statistics are not equivalent to
backscattered monostatic clutter returns statistics. To more accurately portray the
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hot clutter interference environment, a ground scatter model such as SCATS (Spatter,
Clutter, and Target Signal Model) used in [9] and [10] needs to be implemented.
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